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1. SUMMARY AND CONCLUSIONS
1.1 SCOPE

This report contains a description of the anomalous behavior of the
Electric Power Subsystems of DSCS Il Satellites 9437 and 9438, and of the
investigations conducted to determine the cause of the anomalies.

1.2 ANOMALY DESCRIPTION

During the third eclipse season beginning in September 1978,
indications of anomalous behavior were observed in both satellites:

a) Unbalanced battery currents on both charge and discharge
b) Battery overtemperature and overtemperature disconnect

c) Switch from full charge to trickle charge at temperatures
apparently outside the switching tolerance range

d) Branch current anomalies, i.e., the measured currents in the
several branches of the power subsystem, did not add up to the
measured total

e) Apparent battery heater switching outside the temperature
tolerance range of the heater thermostats.

1.3 ANOMALY INVESTIGATIONS

An extensive series of investigations was conducted to determine the
causes of the various anomalies. These investigations included ground test
simulations using flight-configuration batteries, component level testing,
and analyses of components and systems.

1.4 CONCLUSIONS
The following conclusions have been reached:

a) Two batteries on Satellite 9437 and one on Satellite 9438, each
contain one short-circuited cell. In each case the shorted
cell is located near the midpoint of the cell stack.

b) The cause of the cell short-circuiting has been identified as
excessive overcharge during post-eclipse recharge, pulse-
overcharging in auto mode, or both.

c) In the absence of existing damage, similar failures can be
avoided, or their rate of incidence greatly decreased, in
existing satellites, by modification of on-orbit charging
procedures. Several proposals have been advanced for the

SAPRPE
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d)

f)

g)

h)

M2-021-80

redesign of charge control circuitry on future spacecraft for
preventing cell short-circuiting by maintaining more positive
control of peak overcharge currents. A circuit design has been
selected and implemented.

Several causes of excessive overcharge in Satellites 9437 and
9438 have been postulated, i.e.:

1) Changes in operating temperatures
2) Lot to lot cell behavior changes

3) Changes in cell type without a corresponding change in
charge control settings.

The mechanism of cell failure has not been identified.
Advanced methods of cell disassembly and destructive analysis

have produced useful information. Efforts to identify the
mechanism are continuing.

Battery overtemperature is a direct result of cell short-
circuit failure (which increases overcharge current), heat
dissipation, and temperature.

Apparent out-of-tolerance switch-to-trickle temperatures are a
direct result of short-circuit cell failures. Temperature
gradients induced by shorted cells are responsible for a false
indication of temperature at the switching point. Solid-state
temperature switch operation is normal.

Apparent power subsystem branch current anomalies are a direct
result of the current monitor design. Currents beyond the
sensor design range caused a misinterpretation of telemetered
data. Current sensor and telemetry operation is normal.

1-2
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2. BACKGROUND
2.1 POWER SUBSYSTEM

The DSCS II power subsystem is of the unregulated bus direct energy
transfer (DET) type, delivering power directly from the illuminated solar
arrays to the load without any intervening loss elements other than the
distribution cabling. Part of the power delivered by the solar array is
accepted by the loads and the remainder is available for battery charging.
Three sealed 22-cell nickel cadmium batteries are connected in parallel to
the primary bus through independent control circuits. Figure 2-1 is an
isometric drawing of the battery showing the positions of major battery
harts.- Appendix 1 contains a simplified functional block diagram and
tutorial material necessary for a clear understanding of the operation of
the electrical power subsystem.

2.2 ORBITAL CHRONOLOGY PRIOR TO IDENTIFYING THE ANOMALY

Satellites 9437 and 9438 were launched on 12 May 1977. Detailed
satellite timelines showing the significant activities performed prior to
identification of the anomaly are presented in Tables 2-1 and 2-2. Auto-
matic (Auto), manual full, trickle and minitrickle charge modes were suc-
cessfully demonstrated during the first 2 weeks of satellite operation.

The batteries were maintained in the minitrickle charge mode until the
start of reconditioning at the end of August 1977. One reconditioning
cycle was performed prior to the first eclipse season. Reconditibning
discharge capacities are presented in Table 2-3. These results are con-
sidered nominal and define a baseline. After reconditioning, the batteries’
were commanded to the auto charge mode until the first eclipse season which
began on 5 September 1977. Battery performance was nominal and batteries
were commanded to the minitrickle charge mode soon after the eclipse season
ended. The Preseason 2 reconditioning was conducted during February 1978.
The batteries were reconditioned twice prior to the start of the second
eclipse season on 3 March 78,

Reconditioning distharge capacities are presented in Table 2-3. The
general loss of capacity during the second reconditioning discharge is a
result of the shallow nature of the discharge imposed by the manual ter-
mination at 23 volts.

2-1
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Table 2-1.

Satellite 9437 Chronology Prior to the Anomaly Observation

Date (1977) Time (2) Event
12 May 1427:01.661 Liftoff
1558 Telemetry Acquisition
2055:32.9 Separation
28 Aug 1655-1710 Start Battery Reconditioning, Battery
No. 1 +» Recondition Discharge
1 Sep 2200-2215 Complete Battery Reconditioning, Battery
No. 3 + Minitrickle Charge Mode
5 Sep 1655-1710 Batteries to Auto Charge Mode
21 Oct 1650-1655 Batteries to Minitrickle Charge Mode
Date (1978) Time (Z) Event
5 Feb 0100-0115 Start Battery Reconditioning, Battery 1
to Recondition Discharge Mode
6 Feb 0305-0605 Battery 1 to Trickle Charge Mode
0800-0815 Battery 1 to Auto Charge, Battery 2 to
Recondition Discharge Mode
1255-1310 Battery 1 to Minitrickle Charge Mode
7 Feb 1100-1240 Battery 2 to Trickle Charge Mode
1555-1610 Battery 2 to Auto Charge Mode, Battery 3
to Recondition Discharge Mode
2250-2325 Battery 2 to Minitrickle Charge Mode
8 Feb 1800-2100 Battery 3 to Trickle Charge Mode
Battery 3 to Auto Charge Mode
Battery 3 to Minitrickle Charge Mode
24 Feb 0000-0015 Battery 1 to Recondition Discharge Mode
25 Feb 0030-0200 Battery 1 to Trickle Charge Mode
0615-0630 Battery 1 to Auto Charge Mode
Battery 2 to Recondition Discharge Mode
25 Feb 1015-1030 Battery 1 to Minitrickle Charge Mode
26 Feb 0610-0900 Battery 2 to Trickle Charge Mode

M2-021-80

rae

1




Table 2-1.

Satellite 9437 Chronology Prior to the Anomaly Observation

(Continued)
[ Date (1978) Time (Z) Event
' 26 Feb 1215-1230 Battery 2 to Auto Charge Mode
Battery 3 to Recondition Discharge Mode
1630-1645 Battery 2 to Minitrickle Charge Mode
27 Feb 1200-1500 Battery 3 to Trickle Charge Mode
: 1740-1750 Battery 3 to Auto Charge Mode
: 2155-2205 Battery 3 to Minitrickle Charge Mode
' 2 Mar 0450-0525 Batteries to Auto Charge Mode
17 Apr 2115-2150 Batteries to Minitrickle Charge Mode
é 6 Aug 2350-0005 Battery 1 to Recondition Discharge Mode
' 7 Aug 1825-1840 Battery 1 to Auto Full Charge Mode
7 Aug 2240-2250 Battery 1 to Minitrickle Charge Mode
8 Aug 0715-0730 Battery 2 to Recondition Discharge Mode
9 Aug 0540-0550 Battery 2 to Trickle Charge Mode
9 Aug 0845-0855 Battery 2 to Auto Full Charge Mode
9 Aug 1505-1540 Battery 2 to Minitrickle Charge Mode
Battery 1 to Recondition Discharge Mode
9 Aug 2230-2240 Battery 3 to Recondition Discharge Mode
10 Aug 1135-1140 Battery 1 to Trickle Charge Mode
10 Aug 1350-1400 Battery 1 to Auto Full Charge Mode
10 Aug 1615-1915 Battery 3 to Trickle Charge Mode
10 Aug 1759 Battery 1 to Minitrickle Charge Mode
10 Aug 2200 Battery 3 to Auto Full Charge Mode
11 Aug 0150-0200 Battery 3 to Minitrickle Charge Mode
11 Aug 2200 Batteries to Trickle Charge Mode
15 Aug 9150-0200 Battery 1 to Recondition Discharge Mode
16 Aug 0210-0305 Battery 1 to Trickle Charge Mode
16 Aug 0640-0715 Battery 1 to Auto Full Charge Mode
16 Aug 1220-1255 Battery 1 to Tric¢kle Charge Mode
23 Aug 0005-0020 Battery 2 to Recondition Discharge Mode
23 Aug 0955-1010 Battery 3 to Recondition Discharge Mode
2-4
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Table 2-1. Satellite 9437 Chronology Prior to the Anomaly Observation

(Continued)
Date (1978) Time (2) Event
24 Aug 0115-0125 Battery 2 to Trickle Charge Mode
24 Aug 0605-0615 Battery 2 to Auto Full Charge Mode
24 Aug 1035-1200 Battery 3 to Trickle Charge Mode
Battery 2 to Trickle Charge Mode
24 Aug 1410-1420 Battery 3 to Auto Full Charge Mode
24 Aug 2000-2010 Battery 3 to Trickle Charge Mode
1 Sep 1050-1105 Batteries to Auto Charge Mode
2 Sep 0450-0540 Lunar Eclipse Monitor
2 Sep 1015-1145 Lunar Eclipse Monitor
3 Sep 1605-1620 Battery 3 Temperature noted at 88°F
During Auto Trickle Mode
10 Sep 2250 27-hour Battery Monitor
12 Sep 0610-0615 Battery 3 to Trickle Charge Mode
15 Sep 0005 12-hour Eclipse Load Share and Recharge
Monitor
22 Sep 1335 Battery 2 Found in Minitrickle Due to
95°F Overtemp Switch Closure
22 Sep 1340-1350 Battery 2 to Trickle Charge Mode
22 Sep 1500-1510 Begin Manual Control of Batteries 1 and 2
During Recharge Cycle

M2-021-80
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Table 2-2.

Satellite 9438 Chronology Prior to the Anomaly Observation

M2-021-80

Date (1977) Time () Event
12 May 1427:01 661 Liftoff
1558 Telemetry Acquisition
2106:44.7 Separation
28 Aug 1350-1405 Start Battery Reconditioning, Battery
No. 1 * Recondition Discharge
1 Sep 1855-1910 Complete Battery Reconditioning, Battery
No. 3 * Minitrickle Charge Mode
4 Sep 0345-0400 Batteries to Auto Charge Mode
22 Oct 0310-0345 Batteries to Minitrickle Charge Mode
Date (1978) Time (2) Event
5 Feb 0710-0730 Start Battery Reconditioning, Battery 1
to Recondition Discharge
6 Feb 0800-1100 Battery 1 to Trickle Charge Mode
1345-1400 Battery 1 to Auto Charge Mode
Battery 2 to Recondition Discharge
1835-1850 Battery 1 to Minitrickle Charge Mode
7 Feb 1420-1510 Battery 2 to Trickle Charge Mode
1815-1830 Battery 2 to Auto Charge Mode
2015-2030 Battery 3 to Recondition Discharge Mode
2245-2255 Battery 2 to Minitrickle Charge Mode
2130-0030 Battery 3 to Trickle Charge Mode
9 Feb 0230-0245 Battery 3 to Auto Charge Mode
Battery 3 to Minitrickle Charge Mode
24 Feb 0535-0550 Battery 1 to Recondition Discharge Mode
25 Feb 0600-0900 Battery 1 to Trickle Charge Mode
1105-1115 Battery 1 to Auto Charge Mode
Battery 2 to Recondition Discharge Mode
15635-1545 Battery 1 to Minitrickle Charge Mode

2-6




{ Table 2-2. Satellite 9438 Chronology Prior to the Anomaly Observation

(Continued)
Date (1978) Time (2) Event
26 Feb 0930-1300 Battery 2 to Trickle Charge Mode
1545-1555 Battery 2 to Auto Charge Mode
Battery 3 to Recondition Discharge Mode
2030-2040 Battery 2 to Minitrickle Charge Mode
27 Feb 1545-1738 Battery 3 to Trickle Charge Mode
2115-2225 Battery 3 to Auto Charge Mode
28 Feb 0150-0200 Battery 3 to Minitrickle Charge Mode
2 Mar 1250-1305 Batteries to Auto Charge Mode
18 Apr 0440-0455 Batteries to Minitrickle Charge Mode
7 Aug 1645-1700 Battery 1 to Recondition Discharge Mode
8 Aug 1450-1510 Battery 1 to Trickle Charge Mode
8 Aug 1645-1910 Battery 1 to Auto Full Charge Mode
8 Aug 2200-2210 Battery 1 to Minitrickle Charge Mode
8 Aug 2245-2300 Battery 2 to Recondition Discharge
9 Aug 1920-2020 Battery 2 to Trickle Charge Mode
9 Aug 2310 Battery 2 to Auto Full Charge Mode
10 Aug 0300-0310 Battery 2 to Minitrickle Charge Mode
10 Aug 0600-0635 Battery 3 to Recondition Discharge Mode
11 Aug 0350-0400 Battery 3 to Trickle Charge Mode
11 Aug 0620-0920 Battery 3 to Auto Full Charge Mode
11 Aug 1100-1230 Battery 3 to Minitrickle Charge Mode,
49 Spin Axis Maneuver, NCA Update
11 Aug 2320 Batteries to Trickle Charge Mode
25 Aug 1435-1450 Battery 1 to Recondition Discharge Mode
26 Aug 0055-0130 Battery 2 to Recondition Discharge Mode
26 Aug 1405-1655 Battery 1 to Trickle Charge Mode
26 Aug 1910-1945 Battery 1 to Auto Full charge Mode
26 Aug ‘| 2100-2115 Battery 3 to Recondition Discharge Mode

M2-021-80
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Table 2-2. Satellite 9438 Chronology Prior to the Anomaly Observation

{ (Continued)
Date (1978) Time (2) Event
27 Aug 0000-0030 Battery 2 to Trickle Charge Mode
27 Aug 0250-0300 Battery 2 to Auto Full Charge Mode
27 Aug 0730-0740 Battery 2 to Trickle Charge Mode
27 Aug 2030-2230 Battery 3 to Trickle Charge Mode
28 Aug 0130-0140 Battery 3 to Auto Full Charge Mode
28 Aug 0700-0710 Battery 3 to Trickle Charge Mode
3 Sep 1305-1320 Batteries to Auto Charge Mode
4 Sep 0450 Battery 3 Found in Minitrickle Due to
90°F Overtemp switch closure
7 Sep 1000 50-Hour Battery Monitor
9 Sep 1820-1830 Battery 3 to Trickle Charge Mode
15 Sep 1140 12-Hour Eclipse Load Share and Recharge
Monitor
( 20 Sep 1035-1045 Battery 3 to Recondition Discharge Mode
21 Sep 0035-0110 Batteries 1 and 2 to Minitrickle, then
Trickle Charge Mode
21 Sep 1100-1230 Batteries 1 and 2 to Auto Charge Mode
21 Sep 1345-1355 Battery 3 to Minitrickle Charge Mode
21 Sep 1940-0010 Battery 3 to Trickle, then Auto Full
Charge
22 Sep 1000-1810 Batteries to Auto Full Charge
23 Sep 0530 Battery 3 to Minitrickle Charge Mode |
23 Sep 1125-1140 Begin Manual Control of Battery 1 and 2
During Recharge Cycle

, 2-8
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Table 2-3. Reconditioning Discharge Capacities (Ah)

Satellite | Battery | Preseason 1 Preseason 2 Preseason 3
9437 1 18.1 17.3, 16.4 9.0, 12.5, 15.2
2 18.2 17.0, 16.4 13.2, 15.6
3 N/A 17.2, 16.4 9.0, 15.1
9438 1 17.6 17.3, 16.3 13.3, 15.7
2 17.5 15.9, 16.6 11.4, 14.0
3 17.5 17.4, 16.6 13.5, 15.2

The first cycle capacity of Battery 2, Satellite 9438, was low and
suggests that cell degradation may have begun during the first eclipse
season. Battery performance during the second eclipse season appeared to

be nomal.

The Preseason 3 reconditioning was conducted during the early part of

August 1978. A1l battery capacities were low, and multiple'reconditionings

were run in an effort to restore the lost capacity. Reconditioning dis-

charge capacities are presented in Table 2-3.

Review of these data indi-

cates that significant degradation had occurred during the second eclipse

season.

"R-021-90
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3. ANOMALY OBSERVATIONS
3.1 SATELLITE 9437
3.1.1 State of the Batteries Prior to the Anomaly Observation

Satellite 9437 batteries were reconditioned in early August in
preparation for the autumnal equinox season (Season 3) beginning 4
September 1978. The batteries all exhibited low capacity during the first
reconditioning discharge. Multiple cycles were run in an attempt to
restore capacity. Reconditioning discharge data are presented in Table
2-3. These data suggest that significant degradation had occurred during

the second eclipse season.

On 1 September 1978 the three battery charge controllers were placed
in the auto mode in preparation for the lunar eclipses of 2 September 1978
at 0457 Z and 1023 Z. They were left in the auto mode in anticipation of
the start of the equinox eclipse season on 4 September 1978.

3.1.2 Anomalous Behavior

The first observation of an anomaly occurred on 3 September 1978
during a monitoring pass at 1605 Z. Battery No. 3 voltage was low and its
trickle charge current and temperature high. Voltage, current, and
temperature data for the anomalous 1605 Z pass and a typical prior pass at
0615 Z are shown in Table 3-1.

Table 3-1. Initial Battery 3 Anomaly Observation

0615 Z Pass 1605 Z Pass
Battery [Voltage |Current |Temperatures| Voltage | Current | Temperatures
No. v) (A) (°F) v) (R) (°F)
1 30.52 0.33 81 30.52 0.29 82
2 30.54 0.36 73 30.67 0.32 n
3 .67 0.3 7 20.44 . | 0.47 88




For diagnostic purposes, the satellite was monitored continuously for
a period of 27 hours, beginning at approximately 2253 Z on 10 September.
A1l batteries were in the auto change mode. This period included a satel-
lite eclipse. Monitoring observations are summarized in Figure 3-1.

Several further indications of anomalous behavior were seen during
this monitoring pass:

a)

b)

c)

d)

Although the three batteries were under automatic control,
{auto mode) a severe current imbalance occurred during dis-
charge. Battery 3 failed to carry its share of the discharge
load current, and accepted more than its share of charging
current.

Battery 3 temperatures rose more rapidly at end-of-charge than
those of Batteries 1 and 2. This is consistent with excessive
charging current.

The sum of the three battery discharge telemetry currents did
not equal the main bus current telemetry data. The magnitude
of the error was too great to be explained by tolerances in the
current sensors. Subsequent investigation showed that the high
discharge currents carried by Battery 1 were beyond the current
sensor design range and that the apparent anomaly was an inter-
pretation error only (see Appendix 2 for details).

The solid state temperature switch (SSTS), which is designed to
operate at 77°F, appeared to be operating at an indicated
temperature of 80 to 81° on Battery 3, and 79 to 80°F on Bat-
tery 1. This was found to be due to temperature gradients in
the battery rather than a SSTS mal function.

From the above observations it was concluded that Battery 3 was
exhibiting symptoms which could lead to rapid deterioration due to over-
temperature operation, and on 12 September 78 it was switched to manual
trickle charge at 0610 Z.

An additional 12-hour monitoring pass on 15 September 1978 showed that
Batteries 1 and 2 were sharing the loads adequately and appeared to be
normal in behavior. This normal behavior continued through 21 September

1978.

On 22 September 1978, a routine monitoring pass showed the Battery 2
controls to be in the minitrickle state, indicating that at some time prior
to the observation the Battery 2 overtemperature circuit, designed to

M2-021-80
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operate at 95°F, had been activated. Battery 2 was subsequently commanded
to manual trickle charge. Observations made with all batteries on trickle
charge showed that Battery 2 was exhibiting symptoms similar to those
observed on Battery 3, i.e., low voltage and high trickle charging current.
The temperature of Battery 2 was low; however, this was judged of no
significance, since the battery had been in minitrickle state for an
unknown period, and had had time to cool. Comparative data for 21 September
1978 and 22 September 1978 are shown in Table 3-2.

Table 3-2. Battery 2 Anomaly Showing Voltage Decrease and
Current Increase on Trickle Charge

. —

21 September (1830 Z) Pass 22 September (1335 Z) Pass
Battery{ Voltage [Current |Temperature | Voltage | Current |[Temperature
No. (V) (A) (°F) (v) (A) (°F)
1 30.11 0.37 80 30.24 0.37 78
2 30.12 0.39 73 29.17 0.55 59
3* 29.85 0.43 63 29.99 0.43 61

*
Battery 3 data reflects a prior failure.
Throughout the remainder of the eclipse season the batteries were
operated as follows:
o Battery 3 was maintained in the manual trickle charge mode
e Batteries 1 and 2 were in auto charge during eclipse and first
recharge. They were then switched to manual trickle charge

until just prior to the next eclipse.

Severe imbalances in battery discharge currents continued, as shown in
Figure 3-2. (Telemetry data falling outside the current sensor design
range has been corrected.)

3-4
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Post-eclipse reconditioning attempts failed to restore nominal perfor-
mance of Batteries 2 and 3. After placing the three batteries in the mini-
trickle state for the solstice season, Batteries 2 and 3 continued to
exhibit low temperature and high current behavior when compared with
Battery 1.

3.2 SATELLITE 9438

3.2.1 State of the Batteries Prior to Anomaly Observation

Satellite 9438 batteries were reconditioned in early August in prepar-
ation for the autumnal equinox seasun (Season 3) beginning 4 September
1978. The batteries all exhibited low capacity during the first recondi-
tioning discharge. Two cycles were run in an attempt to restore capacity.
Reconditioning discharge data is presented in Table 2-3. These data indi-
cate that significant degradation had occurred during the second eclipse
season.

3.2.2 Anomalous Behavior

The third eclipse season began on 4 September 1978. The batteries
were placed in the auto charge mode at approximately 1350 Z on 3 September
1978. During a routine pass at 0450 Z, 4 September 1978 prior to the first
eclipse of the season, Battery 3 was found to be in minitrickle. It was
concluded that in the intervening period the 95°F overtemperature circuit
had activated and had automatically switched to minitrickle.

At 0818 Z, the battery was placed in manual trickle and after reaching
a temperature of 53°F in auto charge. After an extended period of trickle
charging on 4 September 1978, battery characteristics were:

Voltage Current Temperature
Battery (V) (A) (°F)
1 31.18 0.15 78
2 30.64 0.29 72
3 28.97 0.55 92

Battery 3 was placed in manual trickle at this time.

AR

3‘6 i
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For diagnostic purposes Satellite 9438 was continuously observed for a
period of 50 hours, beginning at 1000 Z on 7 September 1978. Figure 3-3 is
an excerpt of this test period, showing current and temperature imbalances
similar to those observed in Satellite 9437.

At the end of the 50-hour monitor period, with the batteries in the
trickle charge mode, the parameters were as follows:

! Voltage 3 Current Temperature |
Battery (v) l (A) (°F)
1 30.23 ! 0.34 77
2 29.95 I 0.37 83
3 29.11 i 0.51 83

The above indicates that Batteries 1 and 2 are almost equivalent, and
that Battery 3 is degraded or has a shorted cell.

On 9 September 1978, Battery 3 was switched to trickle charge. On 15
September 1978, an extended monitoring pass (12 hours) showed that
Batteries 1 and 2 were sharing the loads well, but that high overcharge
currents were being drawn. These were sufficient to cause the main bus to
fall out of limiting regulation after it had reached this point.

On 20 - 21 September 1978, Battery 3 was subjected to a reconditioning
discharge cycle. During reconditioning, the battery capacity was a normal
14.8 ampere-hours. No discontinuities were observed in the discharge
curve. However, the plateau voltage was depressed and consistent with the
presence of one shorted cell.

After recondition termination, Battery 3 was switched to minitrickle
until Batteries 1 and 2 were fully charged. The three batteries were then
switched to trickle charge mode. When Battery 3 reached a voltage of
28.5 V, and a temperature of 48°F, it was switched to the auto charge mode
and allowed to recharge. Bus limiting was reached in 3 hours. Overcharge
currents as high as 4.5 amperes were observed, followed by a rapid

3-7
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temperature rise, and an automatic switch to trickle charge. Battery 3 was
commanded to the minitrickle charge mode at a temperature of 98°F.

Batteries 1 and 2 load shared approximately equally while Battery 3
supported a much smaller part of the load. Load sharing at eclipse end was
approximately:

Battery 1 = 40 percent (ayto-full)
Battery 2 = 39 percent (auto-full)
Battery 3 = 21 percent (auto full)

On 7 October 1978 attempts were made to recondition Battery 3. After
two cycles the third recondition discharge characteristic had not measur-
ably improved (approximately 0.3 volt rise in the voltage plateau). Load
sharing tests (in auto-full) after the reconditioning also showed no
significant improvement:

Battery 1 = 40 percent
Battery 2 = 38 percent
Battery 3 = 22 percent

As a result, starting on 14 October 1978 and for the remainder of the
eclipse season, the batteries were command-controlled as follows:

e Battery 3 was maintained in the manual trickle charge mode

e Batteries 1 and 2 were in auto charge during eclipse and first
recharge. They were then switched to manual trickle charge
until just prior to the next eclipse.

On 17 October 1978, the batteries were put in the manual trickle
charge mode for the last two days of the season eclipse with the following
load sharing:

Battery 1 = 38 percent
Battery 2 = 36 percent
Battery 3 = 26 percent

M2-021-80




P e R e e = o o

Post-eclipse season, minitrickle charge battery parameters as of
7 November 1978 were as follows:

Battery Voltage Current - Temperature
(V) (A) (°F)
1 30.36 0.15 57
2 30.23 0.13 53
3 ! 29.80 0.20 55

Figure 3-4 depicts the variation of end-of-eclipse bus voltage during
the third eclipse season of Satellite 9438. Other than the discontinuities
resulting from the attempts to recondition Battery 3, it appears that the
minimum bus voltage for the season was approximately 25.6 volts.

3-10
M2-021-80




(6L61 49qualdag) 934y] uoseas asdi|2] ‘963 |OA Sng wnwiull 8Ep6 93ILL[3IRS p-£ d4nbiy

H3IAWNN 3S41703
4% 8z v oz

Zi 8

1531 avo

‘ad eEve

‘a'd Eve

Yl EvE

®®

o@@@#@

{A) 3OVLTOA SNE 38417103 40 ON3

3-11




4. ANOMALY INVESTIGATIONS

4.1 SCOPE

An extensive series of investigations was conducted to determine the
causes of the various anomalies. Thes investigations included: ground
test simulations using flight-configuration batteries, component level
testing, analyses of components and systems. Copies of relevant anomaly
investigation reports are included in the appendices and referenced in the
following text.

4.2 POSTULATED CAUSES OF THE ANOMALY

Several possible causes of the battery anomalies were considered
during the course of these investigations:

a) Accelerated degradation of battery characteristics, e.g.,

premature cell degradation due to overstressing during charge
and overcharge. '

b) Changed cell characteristics, e.g., the existence of a cell
vol tage-charge control system mismatch causing higher than
anticipated charging currents.

c) Anomalous cell quality, e.g., a cell manufacturing problem

making the cells used in these batteries more susceptible to
early failure than previous cells.

d) Battery charge control circuit failures, e.g., a drift in the

SSTS iswitching temperature, or failure of the SSTS or the Kl
relay to switch.

e) A deterioration in the thermal characteristics of the
satellite/battery causing the battery overtemperature.
Because of the similarities in the behavior of the batteries in
Satellites 9437 and 9438, a single investigation was conducted.

The remainder of this section discusses the above hypotheses in terms
of data telemetered from the satellites and data acquired during ground
test investigations.

These analyses provided a preponderance of evidence indicating that
cell short circuit events occurred in batteries in Satellites 9437 and
9438. The evidence in support of this conclusion is discussed in Section
4.3.1.

4-1
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4.3 CELL SHORT CIRCUITS

4.3.1 Evidence in Support of the Existence of Short-Circuited Cells

Evidence in support of the short circuited cell hypothesis is
voluminous and includes:

e Flight simulation tests

e Flight voltage data

® SSTS operating temperature offset data
e Flight current imbalance data

These areas are summarized below and detailed in the appendices
referenced in each summary.

4.3.1.1 Flight Simulation Tests (Appendix 3)

A laboratory test was conducted in which one flight-configuration
battery was subjected to a simulation of cycling conditions observed on
Satellites 9437 and 9438 and another to the anticipated conditions of
Satellites 9441 and 9442. The 9437/9438 simulation used a bus voltage
lTimit of 32.4 V. The 9441/9442 simulation used a lower voltage limit of
31.8 V. During this test, Battery S/N 3-6, which was tested under
Satellite 9437/9438 conditions, developed a permanently short-circuited
cell during Cycle 9 of Season 3 (in-flight failures occurred between Cycles
1 and 20 of Season 3 in Satellites 9437 and 9438). It was also observed
that permanent cell short-circuits were preceded by a period of anomalous
operation and, upon occasion, by self-clearing short circuits. The onset
of a short-circuit is clearly seen as an abrupt drop in cell voltage to
zero volts, and is confirmed (in centrally located cells) by a rapid rise
in temperature of the RT2 thermistor which is centrally located on one of
the two cell blocks (see Figure 2-1). This rapid temperature rise results
from internal heat dissipation due to self-discharge of the shorted cell
through the internal short-circuit (as shown in Figures 4-1 and 4-2).

4.3.1.2 Voltage Data (Tables 3-1, 3-2, 3-3 and 3-5)

Inspection of the voltage data reveals that the defective battery
voltages are lower than those of the normal batteries by slightly less than

§-2
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the voltage of one cell. The charging current of the low-voltage battery
is slightly higher than that of the normal-voltage battery. This is con-
sistent with the presence of a short-circuited cell in the low-voltage
battery. The higher current caused by the lower battery voltage increases
the voltage drop across the unfailed cells of the battery, offsetting, in
part, the loss of the one-cell-voltage. This higher current is also con-
sistent with the depressed voltages observed generally. These voltage
losses are not recoverable by reconditioning.

4.3.1.3 SSTS Operating Temperature Offset

Further confirmation of the cell short-circuit hypothesis is found in
the analysis of an apparent shift in the operating temperature of the SSTS.
Since an analysis of the performance of the SSTS failed to find an explana-
tion of the observed shift in operating temperature, it was hypothesized
that the shift might be due to a temperature gradient in the battery
between the points at which the SSTS and the telemetry sensor measure
battery temperature. This kind of temperature gradient will not occur if
the heat dissipation in the two cell blocks of the battery is symmetrically
distributed. If the following assumptions are made, such a temperature
gradient would be possible:

a) One of the two cell blocks is assumed to contain a short-
circuited cell.

b) A short-circuited cell dissipates no heat either on charge or
discharge.

c) The short-circuited cell is located in the vicinity of the SSTS
thermistor where it acts as a heat sink, preventing the SSTS
sensor from heating up as rapidly as the corresponding point on
the other cell block, where the telemetry temperature sensor is
mounted. Under these circumstances, the SSTS will appear to
sw2€$h at an indicated temperature higher than its normal
setting. '

d) The short-circuited cell is located on the other cell block in
the vicinity of the telemetry thermistor, acting as a heat sink
to keep the telemetry temperature sensor cooler than the SSTS
sensor. Under these circumstances the SSTS will appear to
switch at a lower than normal temperature.

A series of laboratory tests was conducted in which a battery con-
taining a short-circuited cell was charged and overcharged at varying

rates, so as to produce varying rates of temperature increase. Figure 4-3
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shows a plot of the telemetry temperature indication at the moment of SSTS
switching as a function of the rate of temperature change for several
locations of short-circuited cell in the battery package. For comparison
purposes a similar plot for Battery 3 of Satellite 9438 is also shown.

The similarity of the observed satellite phenomena and the test
results is evidence in favor of the original assumptions, i.e.:

a) The battery contains a short-circuited cell. It is located in
the cell block on which the SSTS is mounted

b) The short-circuited cell is located at or near the middle of
the cell block.

4.3.1.4 Current Imbalances

Current imbalances, both on charge and on discharge are consistent
with the hypothesis of a short-circuited cell in one or more batteries of a
three-battery system. They are also consistent with the depressed voltages
observed and will occur to some degree whenever there is an imbalance in
the states of charge of three undegraded batteries.

A test was conducted to determine the effect of a shorted cell in one
of two batteries operating in parallel. A test was conducted to determine
the effect of a shorted cell in one of two batteries operating in parallel.
Load sharing was evaluated for configurations in which the one-cell dis-
crepancy was compensated by 0, 1, or 2 diodes. Diode compensation modified
load sharing in a straightforward and predictable manner. Using 2 diodes
(0.5 - 0.6 volts each) to compensate for the single cell difference (~1.2
V) resulted in an average load sharing of 51/49 percent whereas the uncom- “
pensated load sharing was 72/28 percent. The results of this test are
reported in detail in Appendix 4.

Because only two parallel batteries were used, rather than three, this
test must be considered a qualitative confirmation of the shorted cell
hypothesis.

4.3.2 Causes of Battery Cell Short-Circuit Failure

Having established with reasonable certainty that the observed phe-
nomena were a result of the occurrence of internal short-circuits in one or
more battery cells, an effort was made to determine the causes of the
short-circuits.

4-7
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The following are plausible causes of a high short-circuit incidence
in the Satellite 9437/9438 batteries:

a) A deterioration of the quality of one or more lots of cells or
internal cell components

b) A change in the cell characteristics or in the characteristics
of the charge control electronics which causes excessive over-
charge stresses to be applied to the cells during the charging
process.

Several parallel investigations are currently being conducted,
including cell and battery cycling tests, and destructive physical analyses
of selected cells. These tests are partially complete as of December 1979.
Thus, only partial results are reported herein.

In summary, an examination of the tests which have been conducted
indicates that while differences in cell quality from lot to lot have been
observed, there is no indication of a connection between the observed
differences and a tendency toward increased frequency of occurrence of
short-circuited cells.

The results of battery-level cycling tests, on the other hand, suggest
strongly that the frequency of occurrence of short-circuits is a direct
function of the degree of stress applied to the battery cells by the charge
controls.

4.3.2.1 Battery-Level Cycling Tests (Appendix 3)

Comparative tests on two identical batteries show that a reduction in
the overcharge voltage (main bus voltage limit) reduces the rate of
failures.

Tw4 essgptialfy identical flight-quality batteries (S/N 3-3 and 3-6)
were cyjled in an attempt to evaluate the effect of a reduced overcharge

stress 'n the rate of failure of the cells.

S/N 3-6 was cycled in as close as possible an approximation of the
actual conditions observed in the Satellites 9437 and 9438 batteries. Bus
voltage limit was set at 32.4 volts and the SSTS at 77°F (switch-to-
trickle). '

S/N 3-3 was cycled in the same manner except that the bus voltage
limit was set at 31.8 volts and the SSTS at 71°F (switch-to-trickle).

4-8
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Under these conditions the peak overcharge currents drawn by S/N 3-3
were less than one third those drawn by S/N 3-6. Both batteries displayed
a trend toward increasing peak overcharge currents in successive eclipse
seasons.

The results of these cycling tests show that S/N 3-3 has shown no
anomalous behavior for six successive eclipse seasons.

S/N 3-6 has shown two cell short-circuits occurring in the third
season, one of which remained permanent, and one of which apparently
cleared itself. Two additional cells exhibited symptoms which appeared to
be precursors of a short-circuit. These preshort symptoms are a downward
shift of the cell voltage from the average population level, an irregu-
larity in the cell voltage waveform in the initial stages of charge, and a
low ramp rise in voltage during the overcharge pulses (see Figure 4-4),
instead of the normmal rapid exponential rise. One of these cells failed 14
days later. It is not clear at this time whether or not this symptom
occurs generally, nor has a method of detecting it in space been devised.

Actual short-circuits showed two clear-cut symptoms: a sudden falloff
in cell (and battery) voltage, and a rapid rise in temperature of the
battery temperature sensor (if any) nearest the shorted cell. This latter
effect was caused by the internal heat dissipation occurring as the cell
discharged rapidly through its internal short-circuit.

After completion of the third season, the four defective cells were
removed from Battery S/N 3-6 and replaced with new cells. The test was
modified to assess the practicability of recharging the battery on trickle
charge, and the extent to which cell damage continues to appear after a
more benign charging mode is used on an already overstressed battery.

Results obtained during Seasons 4 to 6 are presented in Appendix 3.

Two additional cell anomalies were observed during Battery S/N 3-6,
Season 5 operation. However, in both instances the cells exhibited
preshort signatures during Season 3. The presence of the signaturr rior
to the change in charge mode is interpreted as evidence that the damage had
occurred before the switch to the more benign trickle charge mode. There
are no indications of anomalies initiated subsequent to the switch to
trickle charge. .

4-9 S
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The clear disparity between S/N 3-6 and S/N 3-3 test results indicates
a direct relationship between overcharge stress and failure incidence.

4.3.2.2 Cell-Level Pulse Overcharge Tests

Two sets of pulse overcharge tests were performed at different levels
of overcharge current and time.

Test A - Overcharge at C/6 for 0.333 hour
Trickle charge at C/100 for 0.667 hour

Total input: 0.81 ampere-hour

Test B - Overcharge at C/3.7% for 0.5 hour
Open circuit for 0.5 hour

Total input: 2.0 ampere-hours
Results of these pulse overcharge tests are:

Test A - After 1500 puises, no indication of cell damage or
anomalous behavior was seen

Test B - After 1760 cycles, one cell short-circuit was found. The
test was continued to 2760 cycles, without additional
failures

No significant conclusions could be drawn from these tests regarding
response to the relative severity of the test conditions. The failed cell
has been subjected to destructive analysis. DPA procedures and results are
reported in Appendix 5.

4.4 VARIATIONS IN CELL CHARACTERISTICS

4.4.1 Gulton versus General Electric Cells

The possibility exists that changes in cell characteristics from
earlier to later spacecraft batteries may have contributed to the
development of high overcharge currents and consequent excessive stresses
in the cells.

The battery cells in use at the time the system was designed were
manufactured by Gulton Industries, using electrodes manufactured by SAFT,
France. The cells used in Satellites 9437 and 9438 were manufactured
entirely by the General Electric Co. Figure 4-5 shows steady-state
overcharge characteristics for Gulton cells manufactured during a period
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approximately corresponding to the subsystem design and for General
Electric cells manufactured during a period approximately corresponding to
the purchase of Satellite 9437 and 9438 cells.

The difference between the Gulton and General Electric data (Figure
4-5) indicates that the General Electric cells will draw higher steady-
state overcharge currents. The observation that Satellites 9437 and 9438
exhibited higher overcharge currents than previous satellites (containing
Gulton cells) is consistent with the data.

However, determination of a specific cause is complicated by several
factors:

a) Peak overcharge currents during battery charge and overcharge
pulses are transient phenomena; their relationship to the
steady state overcharge current is not well defined.

b) Differences in operating temperatures of the batteries of
earlier satellites from those of Satellites 9437 and 9438
resulted in colder operation of the earlier batteries, and
therefore lower peak overcharge currents.

The final result of the above analysis is that the primary cause of
the higher overcharge current is not definitely known, if it is indeed
higher. A combination of one or more of the following causes may be
responsible.

a) A change from the Gulton to the General Electric cell without a
corresponding change in the main bus limit and other charge
control paramters

b) glgher battery operating temperatures in Satellites 9437 and
38, -

4.4.2 Destructive Physical Analysis (DPA) (Appendix 5)

The possibility was considered that a change might have occurred in
the quality or structure of the electrode which might make it susceptible
to short-circuiting. Two types of tests were performed:

o Destructive physical analysis (DPA) of electrodes selected from
various cell lots was performed after long-term storage

o DPA of electrodes selected from various cell lots was performed
after the cells were cycled.

4-13
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( OPA studies presently in progress suggest that the primary cause of
the cell short-circuits may be related to penetration of the separator by
dendrite-like masses of negative plate material.

4.4.2.1 DPA After Long-Term Storage

Several cell lots (including Lot 1, from which the anomalous Satellite
9437/9438 batteries were made) were subjected to destructive physical
analysis. A number of observable features were found, including raised
black spots, black outcroppings, disruptions in the sintered surface, and
bumps. Lot No. 1 showed a higher than usual incidence of raised black
spots.

While any or all of the described features could conceivably cause a
predisposition to short-circuiting, there is as yet no evidence of such a
causal relationship.

, 4.4.2.2 DPA After Cycling of Electrodes

Electrodes from different cell lots were assembled into experimental
packages and cycled under a variety of conditions. The electrodes were
* 3 examined after cycling to determine the degree of deterioration. Results
are summarized in Table 4-1,

Lot 1, which was used in the Satellites 9437/9438 batteriés, showed a
greater degree of blistering (separation of layers of the sintered elec-
trode from the main electrode mass) than did other lots, which suggests

that a weakness in the structure of the sinter may have contributed to the
short-circuiting.

operating conditions and it is not possible at present to correlate cell

}
|
} However, the conditions of the tests were different from actual cell
|
' performance and test results.

Differences between test and cell ‘conditions are as follows:

a) The test electrodes are completely submerged in electrolyte,
whereas cells are operated with very small amounts of free
. electrolyte

| . b) In actual use electrodes are restrained under compression
\ : . within the cell, whereas in the tests, the electrodes are
: ‘:; totally unrestrained.

g
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Experience gained with similar tests indicates that the blistering
observed in these tests is rarely seen in normal operating cells after
cycling under similar electrical test conditions.

4.4.2.3 DPA of a Shorted Cell

In an attempt to determine the mechanism by which short-circuits
occur, one cell which had short-circuited in the course of high-stress
pulse-overcharge testing was examined by means of a new dissection method.
It was hoped that this method would provide additional insight into the
shorting process.

The examination was unable to isolate the source of the original
short-circuit, which had burned clear at the time of the short. The per-
manent short-circuit found at the time of the examination is believed to
have occurred by the following process:

a) A short-circuit occurred at or near the center of the electrode
stack

b) The cell discharged through the short-circuit, releasing its
stored energy in a small area at the short-circuit, creating
very high temperatures at this point

c¢) The original short-circuit burned clear

d) The high temperatures penetrated the electrodes, destroying the
separators between the short-circuited electrodes and others

adjacent to them in the cell stack, damaging the opposing faces
of the electrodes

e) A second short-circuit occurred between one of the original
short-circuited electrodes and an opposing polarity electrode

at the electrode surface opposite to that at which the original
short-circuit occurred

f) Insufficient energy was left in the cell to burn the second
short-circuit clear, and it remained.

4.5 [INVESTIGATIONS RESULTING IN THE ELIMINATION OF OTHER PLAUSIBLE CAUSES
OF FAILURE
Prior to fixing upon the presence of short-circuited cells in the
batteries, other hypotheses were sought as plausible explanations of the
observed phenomena. Among these were: '

a) A possible failure of the thermal control system to maintain
battery temperatures

4-16
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b) A failure of the charge controls to switch to trickle charge at
the proper temperature, due either to failure of the SSTS or
the K1 relay control circuit

c) A failure of the heater switch to control battery temperature
properly.

Investigations of each of the above possible causes were conducted
with negative results. In each case the observed phenomena were not
explainable in terms of a credible failure mechanism. !

4.5.1 Thermal Characteristics

The possibility of deterioration in the thermal characteristics of the
spacecraft was examined. No descernible variation in temperature other
than batteries was observed. A detailed analysis, the results of which are
reported in Appendix 7, led to the conclusion that no such thermal
deterioration occurred. An analysis was also performed to determine the
impact of increasing the radiator area of Battery 3 to reduce its |
temperature. This was temporarily abandoned when other battery short-
circuits were observed.

4.5.2 Charge Control Failure

The possibility that a defective SSTS might have failed to open the Kl
relay, or that a drift in SSTS operating temperature might have delayed

operation of the K1 relay was considered. Several investigations were
performed.

A complete failure modes and effects analysis was conducted on the
SSTS, and may be found in Appendix 6. The result of this analysis was that “
there was no credible component failure or degradation mode which could
reproduce the observed combination of the phenomena. A review was con-

ducted of orbital data, which failed to find any instance of failure of the
K1 relays to cycle.

4.5.3 Battery Heater Switch Operation

Analysis of the heater switch operation revealed that the apparently
anomalous switching temperatures represent "normal" switch behavior given
the thermal gradients across and within the battery during the period of
anomalous performance.

4-17 !
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The battery heater thermostats are snap-action switches actuated by a
temperature-sensitive, bi-metallic disc. Anomalous heating and cooling
rates can cause the thermostatic switch to close electrically but not snap
mechanically into the closed position. The absence of the snap-action can
result in a return to the previous position at a temperature different than

anticipated. This behavior represents the response of a normal switch to
an unanticipated thermal pattern.

Thus, the apparent shifts in the temperature settings are problems of
interpretation of telemetry data and not thermal switch mal function.

M2-021-80




5. CORRECTIVE ACTION

5.1 SATELLITES 9437 AND 9438

Corrective action for Satellites 9437 and 9438 has taken the form of
ground command control of the battery charge and discharge functions so as
to minimize the stresses imposed upon the batteries.

5.1.1 Control of Load Sharing

The design of the power system permits the batteries to be discharged
through three paths: '

e A direct connection to the main power distribution bus (direct
discharge) .

e connection to the bus through a single diode (trickle charge
mode)

o connection to the bus through two series-connected diodes
(minitrickle mode)

Where one or more of the batteries has a shorted cell, and conse-
quently a lower discharge voltage, it is possible to balance the load
sharing by connecting the defective battery directly to the distribution
bus, and the higher voltage good battery to the bus through one or two
series-connected diodes. Under most circumstances this is sufficient to
bring the system into satisfactory load-current balance.

Further control of the load sharing may be achieved by time-sharing
the discharge, i.e., by allowing a battery to discharge at high rate
directly to the bus for a period of time less than the total eclipse
period, and then reducing its contribution by switching it to minitrickle,
thereby forcing it to discharge through two diodes.

5.1.2 Control of Recharge Fraction and Recharge Rate

Several methods are available for the control of recharge fraction and
recharge rate:

a) Switch the battery to full charge and monitor until a rise in

battery temperature signals that the end-of-charge is approach-
ing; switch to trickle charge

M2-021-80
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b) Switch the battery to full charge and integrate the charge
current input until the ampere-hour input equals from 108
percent to 115 percent of the ampere-hour output on the prior
discharge; switch to trickle charge.

c¢) Command the bus to the high voltage limit of 33.4 volts and
allow the battery to charge at the trickle rate determined by
this bus voltage and the trickle charging resistance.

Of the three methods of recharge control, Method b is the least
attractive, since it requires monitoring of the satellite during the entire
charge period, so that the current can be integrated. Method a permits
computation of the estimated time at which the batteries will return to the
full-charge level, at which point a monitoring pass can be scheduled.
However, since the batteries are imbalanced in discharge and charge rates,
the three batteries will not reach full charge at the same time, and the
length of the monitoring pass is extended, although shorter than that of
Method b.

Method ¢ requires no monitoring of recharge at all, but presents the
risk that the batteries may not return to the fully charged state at the
end of each daylight period of the eclipse season. However, it is possible
to detect this by a fall in end-of-discharge voltage, and to restore full
charge by reverting to Method a or Method b for a single orbit. In
practice, however, Method ¢ has provided adequate charge and it has not
been found necessary to revert to Method a or b.

A1l of the above methods of load sharing and charging contorls have
been used at times in the latter part of Season 3, and in Season 4, as well
as during a unar eclipse. Method ¢ is now being used routinely in most
eclipse orbits.

5.2 SATELLITES 9441 AND 9442

The “normal” main bus voltage limit was changed from 32.4 +0.2 Vdc to
31.8 +0.2 Vdc. This was accomplished by readjusting three potentiometers
in each power control unit (PCU) accessible from outside the PCU. It was
not necessary to open the PCU. After this was done, the "high" main bus
voltage correspondingly changed from 33.4 +0.2 Vdc to 32.8 +0.2 Vdc. This
change reduced the overcharge current into the battery by reducing the
applied voltage.
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The battery solid state thermal switch (SSTS) full/trickle switch
points were changed from 70}77 to 64/71°F. This requires readjusting one
potentiometer on each battery SSTS assembly, accessible without disassembly
of the battery. This change reduces the duration and peak level of the
overcharge current and consequent overcharge stress.

The radiator area under Battery 3 was increased from 90 square inches
to 108 square inches. This provides the same radiating area as Batteries 1
and 2. This was accomplished by peeling back a controlled amount of
thermal blanket insulation. This change also reduces battery operating
temperature and, consequently, overcharge current and stress. Because of
the difference in internal heat flow.to Battery 3 (as compared with
Batteries 1 and 2), Battery 3 tends to operate cooler than either Battery 1
or 2 during the solstice season.

5.3 SATELLITE 9443 AND ALL SUBSEQUENT SPACECRAFT

In this version of corrective action, the charge control circuitry has
been redesigned to permit the use of charging modes more compatible with
the General Electric cells. The new circuits provide greater flexibility
of operation, including the capability to charge the batteries without
excessive stressing of the cells in spite of the existence of a shorted
cell. The following changes were made: '

a) The lower commandable bus voltage limit was reduced from 32.4
to 31.6 V

b) The upper commandable voltage limit was raised from 33.4 to
33.8V

c) A 3.1 ohm resistance was inserted into the full charge path of
the charge control circuit, with the capability of being
bypassed by command if desired

d) The trickle charge resistor was increased form 7 to 20 ohms

e) The minitrickle resistor was eliminated. If the battery
reaches the 95°F disconnect temperature, it is disconnected
from the charging line altogether, although it may still be
discharged through two series-connected diodes

f) The SSTS operating temperature was reduced from 77 to 71°F

g) The Battery 3 radiator mirror area was increased from 90 to 108
square inches.

5-3
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Figure 5-1 is a block diagram of the revised charge control circuit,
which provides a greater degree of flexibility than does the original
charge control. Three charging modes are now available:

e Direct charge from the main bus
¢ Charge through a 3.1 ohm current-limiting resistor
® Charge through a 20 ohm minitrickle charging resistor.

Each of these charging modes may be used either with the low bus
voltage of 31.6 V or with the high bus voltage of 33.8 V.

The resistance values and voltages were selected as a result of a
detailed boundary conditions analysis, in which the effects of bus voltage,
current, resistance, battery voltage and temperature were studied paramet-
rically to determine a set of safe operating regions for batteries with 22
normal cells, and with 21 operational cells and one shorted Ce]l. This
report will be found in Appendix 8.

p T T POWER BUS

1
; 1 {—.}_’{ £ e

a’l}“
o o~
|

K2

, P

POWER RETURN
Figure 5-1. Revised Charge Control Circuit
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The direct connection relay (K5) has been included in the change to
provide additional flexibility in meeting unusual conditions which could
occur during a satellite mission. The additional capability and flexi-
bility provided by the K5 relay are as follows:

a) Rapid recharge capability before and/or after a lunar eclipse
which occurs between two successive earth eclipses

b) More effective management of discharge load sharing with
unequal batteries by providing a selectable direct connection
path to the main bus

c) Effective use of the low bus voltage setting to accomplish
recharge of batteries if overall system considerations required
operation of the satellite at the low bus voltage settirg

d) Increased ability to accommodate unexpected long term increases
in battery voltage.

To make use of these capabilities, a Tower bus voltage must be
selected which is compatible with a direct connection between the battery
and the main bus during charging and overcharging periods. This bus
voltage has been selected to be in an acceptable overcharge operating
region for a 22-cell battery with K5 closed, although it results in a
smaller recharge taper current at end-of-mission, the acceptability of
which has not been fully demonstrated by long-term operation. The selected
value of 31.6 V also provides acceptable overcharge control of a battery
with a shorted cell with K5 relay open.

One additional factor which influenced this selection was the power
budget situation for end-of-mission winter solstice. The solar array
margin under worst case predictions for winter solstice is approximately
10 watts for a 33.8 V bus. The existence of the commandable bus voltage of
31.6 V allows the margin to be increased to approximately 35 watts to
accommodate limited load faults which may have occurred during the 5 year
mission. Maintenance of the batteries under these conditions could be
accomplished by selected periods of auto mode charging during the period
when the bus is at the low value. In summer solstice high bus operation is
preferable since this is the point when the solar array output is maximum.

The SSTS switch-to-trickle temperature has been reduced to 71°F in
order to limit overcharge currents in the battery to below the desired
1.6 amps.

5-5

M2-021-80




The thermal radiator under Battery 3 has been increased in size to 108
square inches to equalize the heat rejection capability for all three
batteries. Table 5-1 shows the Flight 13-16 battery heat rejection

capability during equinox season.
Table 5-1. Battery Heat Rejection Capability
: '
i Predicted Heat Rejection Capability (Watts)
Battery Beginning-of-Mission End-of-Mission
No. .,
50°F 710°F 90°F 50°F 70°F 90°F
: A 2.5 12.4 23.0 0.7 10.6 21.3
Yoo 4.0 13.2 | 23.1 2.4 11.6 | 21.5
j c 3.0 13.0 23.9 1.2 11.2 ' 22.1
i
|
: 5-6
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1. POWER SUBSYSTEM

This section provides tutorial material necessary for a clear
understanding of the operation of the electric power subsystem and its
interactions with other subsystems and its environment. It is intended for
use by those previously unfamiliar with the DSCS Il power subsystem.

The DSCS II power subsystem is of the unregulated bus direct energy
transfer (DET) type, delivering power directly from illuminated solar
arrays to the load without intervening loss elements other than
distribution cabling. Figure Al-1 shows a simplified functional block
diagram of the power subsystem.

0f the total power delivered by the solar array, part is accepted by
the loads, and the remainder is available for battery charging through the
battery controls. If the power delivered by the solar array exceeds that
which can be used by both the loads and the charging batteries (as
evidenced by a rise in bus voltage above a preset limit), the bus voltage
Timiting circuitry turns on the shunt, and varies its conductivity to
maintain the bus voltage at the limiting value. If the bus voltage falls
below the limiting value, the shunt is turned off.

If at any time, the load power demand exceeds the output'power of the
solar array (due either to a load increase or to eclipsing of the
spacecraft), the battery controls reconfigure the power subsystem for
battery discharge, and the loads are supplied by the batteries or are
shared between the batteries and solar array.

Al-2
M2-021-80




P L Dt T v ¥ T Y Y T T
- - - LY < S . G D Ep e U D P Y D s e e e

]
. H O
: H :souo
l i : ' T alkY PO AR BUS
MNSV NV
! s ranns \ ! NOW - *
! b1 MOWIRN v sty om "3"""{"' (7} T
l ROL A
l . ' I ' BATTERY CONTRGL 2 ¢ | 8a
' | cuu 10 l 1 ! '
l . P URRENT MONITORS | H ! H
\ p - ] ) : i ‘ ‘l
: o - i ‘ | Ko
AP R . I '
: — P : T : : R
0 | <
. SMINGS ( { il B d ! i j meriecwet
; smNG smiNG : : ) T P ! : : : |
. b ) . | ! -
: P = - ; |
] TERAY D&V
: T—* N : ! ! %i’o"" J i~ aws! : : V| esa o g“' L
[l ) [ ! LOG'IZG IVOLTAGE Limit ! ] [
i ] : i I ! ; oot
‘ - -
: eovenere : ' L m;acll ' : l * :
' S —— L i P e
] 1 | s ! ; PR I
: s“wr“ : q : SHNTEV ] : ' ENARLE ]
i H 1 SHNTOV ! ! i =
) 1 } . i ' c““’;‘ '
1 @m | { : H i i J
i
' ! ] ' : l' ‘
1 ! ' \ ! . '
] (XX TYTY Y] ! | ) B o .
i [} LY SRR P S . 1 -
' : e B e
'
i - T [ B | IS S \
L] N VRSPV A SV RS S s
: . - ) R 2 5§ .
| b $1! H ' : F I
MULY :
]| Lo H . ’  om |lam |
STRIN { : . ‘ : -
| G STING : : g cmont | !} coent | ! H ®°‘ ' ®m |
[} Amevirieas| ! ! ' ! i
: : : H : ] AmpUFERS] 1 H Vi :
' ! ' Y " v H + ‘ | it I
! 1 -—L——-‘ H 1 : ! SHUNT " SHUNT H = : : H
: : = H : ELEMENT : ' ELEMENT : ! ! :
. | ! : ! ! : ' = sattey-d ¢ | saviev-2 |
' i 1] s \ 1] . H ' '
H XYY YY) [] : ilsmmm ® : : @ [N : { : : |}
' _J H v | o O :
- Y ) ---J ! ) - J :- H H @ : H : : ;
censdeawd tneceadtewes M hecpee! baa J
n
I L}




[ e e o 2 e 0 = i Y D = W D P T D T T D o T D e T R P SR R O D G W e T Y W D D YD - e = - . oy

—— N MNSSH . )
ALY PO AR BUS 237 10 32.6 VOC —\* !>
PCU OPERATING POWER ——— ' &
—
.—-----_-----—--—-—---—_-----+-_----_-——_1L---_------------. _____:_’ 10 r0U
! BATIERY CONTROL 1 i —
—_—
: r- ahmbatake | i __———',—0
> t———
] Ao AND on |- BN ® | SR SR—-
l v ‘ ' . |
a2Ge —J. ' H ' ‘
APGE ; : ;= H : : !
o 4 ' ] o FROM POU
! TRICKLE ] >
) ! M € 3! {MAIN SUS)
e e T Hort N aeiavonvin | o piay | 3 Sharce | ety
U0 0 o ¥ oo ELA (3300 '
— [ k-1 | 70mm h W siGNats | o vo encoom
E & bbb \ Ve vouact [ ano act
LAY DRIVER AUTO SENSOR CURRENT '
3aZ(0%E ENANRE : 1 POUTION :
) K34 \ [ 1
DISARLE RELAY adrecderecccccnane 6.1 se¢ & FROM (14
- -*-—' ‘“'°® DRIVER Ok seeav ouven | 17 1 - N : Tt OBAY honas 1" andwcy
Leanc OFiN : *1 x-2a cLose L ' TEST CONNECTOR | |
] ) JENDIN PR ——— |
ke H | "= t : ?&gﬂ! CRCNT 3 —p
& ) 1 ! | TWI, THA
) or AHAY otvaR | el ot 1 LOAD DICONNECT
o ! [SY-2 0 R R el - ] SIGNAL 10 LA
N y p———1¢
mcxu: ;v ] e
l————re
] = ———e LOAD REVUENS
: T 1) Al H ] te MOMPOU
tam af a0 = - . D P D T D R PP D S S e o D D G O D R e e e - od e Y~
|
- L YTy repups Sppupspnpmpnpepey fpmps SPRP Ry T L D 2L Lottt -—--------1’--,---‘
SINGLE POINTY
r---- h----o-;(-‘-:------ﬁ'
T>95°F CLOSE ! L ‘
T<B4°F OPEN 1 —HH1 H (5) ABLAYPOSITION MONITOR - ¥ (€
® ! E by vt ! (1) 18wERATURE MONITOR - § (COM
r B N B e T | ____ [ ! (V) VOLTAGE MONITOR - 6 KCONDIT
. ] CURRENT MONI -7 ICONDS
! a—ti" 1eanraone . ! H H seavk-of | ' () BT MONITOR -7 "
1>77°F QLOSE i >33°F oPeN I | ' () HARDLINE MONITOR
1< 70°F OPIN . ” : : i 1 1 H - pOWER WSS
| é - T ! ! { ! H —  HIGNAL OR LOAD LINES
' we g FaE ([0 a0 lucone | T rasu towOANCY
} 513 Hha ' |m"_:;"§g‘ K 1157l ] oo  SERIES SEDUNDANCY
! ®_ ¢ H ! ol H o 948 AND MIOR ONLY
- ap ob o ab an on an s 2000
[ . ----Jb-----—---- e e o on o o ---ﬁn—------4-------’ c IN-ALIGHT JUVNPIR
W CMD: RECO IDITION 2 TOWERATURE SWIICH
POWIR RETLON WS DISCrARGE Jo
375 SOLIO STATE TEMPERATUM SWATC
ST SELECT MM TEST
Figure Al-1. Primar
Block |
|
/
s !
| Al-3

M2-021-80




—————— - REVISION A
- - - o .----------------------------------‘--------—---_1 3t oCIoMR \W77
G 3 1
mVas ) L,
'CU OPERATING POWER — s
3
- - ——— e = - - - - - - intumidet bt bt LD D DY ______:_.' 10 rOU
! —
._..——’__.
[ plate 1 t———r
RELAY ORiver | o} [ —r—
AND or K-1CLOSE ) : ' ————r——
——
—] o £ | |
X B ! . S
\ [} » FOM POY
H V| mexe \ 1 >
CHARGE LM & AGE MAIN 35
AND on o™ o lr:km‘l: RESISTOR ! o honior 14
- OHM 3 ENCOOR
r Lboola : Ve vouiact [ WNoace
SENSOR CURRENT H
: 7 POSITION :
\ COMMAND }. COMMANDS
[ D 0.1 st ¢—— FROM 1A
o, seay onrven | L 4 3 ! TIME DRAY sioNaLs - J1T T ano ey
— kamaose f L _ l ] TEST CONNECTOR ) §
b or == OISCAETE CREUT 11—t
[} |
' way | ! ML & LL TWT, THA
on RECAY DRIVER * [ L LOAD DISCONNECT
(SN g Y00 SN . B : 3 ! SIGNAL T0 SiA
4
@ : ——
¥ 1) san ! |
L e
- . - T e b e e e . . - - e .- [ p— | D —— . o
i
----—J‘---_-------—---- --q-------------u--—-4 cemaaoaceoomn @ - d
Y Sl Tyt g smm‘m'omm'
f RcoNDOBOH ) | peu °
. 1 OISCONN =1
T>95°F CLOSE H )
T<8eeF OPEN N —WH1 ' (3) RAY POSITION MONITOR - 9 (CONDITIONED IN PCLH
F®:| l: ! e ! (1) TEMPERATURE MONITOR - 8 [CONDITIONED SN BLA)
RESIS
r iy S SR S SRR N N 1ok ! (V) YOLTAGE MONITOR - 6 ICONDITIONED IN PCUA
”®
‘ ,..g-l-i rearraose Y PN reavx-4| | ' (1) cumment moiTon -7 CoNGITONED 4 1A
I>seFoRN  L0° i 4 !
H L I ) i (n) HaRoLNE MONITOR
' 1 H \ - pOWER WS
; W i T TIT )
: Lk o 1! { i H = SIGNAL OR LOAD LINES
HIATER X caomnm | [Ty $iTe H ' s pARALLELR
: wa - ncus | ] : ;g&om“ H LEL REDUNDANCY
s§ ' AY K-4 b 01
! i i ' on-atcg " | ¥ P ReusTon : *>  SERIES REDUNDANCY
' @_ : h : m: H 0 9438 AND MIOR ONLY
AU .
hbecccanaa v .- eonnehonosed | NP -----l-------, c IN=ALIGHT JUMPER
CMDy RECO JOITION o
26O 0iTK )3 TIMPERATURE SWAXCH

M2-021 -80

A1-3

$S13  SOLID STATE TEVPERATURE SWATCH
T SELECT IN TESY

Figure Al-l. Primary Power

Block Diagram

i/

A

Lt

AN FA DS s i

A




2. BATTERY

2.1 DESCRIPTION

Three 12 Ah sealed cell nickel-cadmium batteries are connected in
parallel to the primary bus through independent control circuits. They
provide power to the electrical loads when the loads exceed solar array
output capability, during launch, prior to separation and spinup, and
during earth and lunar eclipses. They also assist in smoothing distri-
bution bus transients.

Each battery assembly consists of the following major components shown
in Figure Al-2.

a) Twenty-two series-connected cells in an aluminum restraining
structure.

b) A solid-state temperature switch (SSTS) which provides a two-
state output signal to the power control unit (PCU). This is
used as the primary battery charge control sensor.

c) Two parallel mechanical thermal switches which provide a backup
control signal to the PCU in the event of battery over-
temperature. If the battery temperature exceeds 95 +3°F, the
K2 relay opens, placing the battery in a minitrickle charge
mode which a]lous it to cool to normal levels.

d) Heater strips, rated at 98 ohms, are mounted in the battery
baseplates and are controlled by two-series connected mechani-
cal thermal switches set to turn the heaters on at 42 +3°F,
and off at 52 +3°F. The heaters operate at slightly over
10 watts at the bus voltage limit of 32.4 V.

2.2 BATTERY HEAT DISSIPATION AND EFFICIENCY

Batteries, like all electrochemical storage devices, generate heat
during operation. This heat has two sources: IR loss, at a rate equal to
the product of the currrent and voltage drop; thermodynamic heat, at a rate
equal to the product of the current, the entropy change, and the absolute
temperature. In the case of the nickel-cadmium cell, the IR losses and the
thermodynamic heat are additive on discharge, and are substractive on
charge. The net result is that on discharge, the cell dissipates more heat
than can be accounted for by the product of current and voltage drop,
whereas on charge, the heat generated is far less. In some circumstances,
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the batteries may absorb heat from their surroundings, growing cooler as
they are charged. The nickel-cadmium cell is thus described as being
endothermic on charge.

If charging power is forced through a sealed nickel-cadmium cell which
is fully charged, a chemical overcharge reaction different from the normal
charge-discharge reaction occurs which results in the total over-charge
being dissipated in the cell as heat.

The ampere-hour efficiency on chage may be viewed as the ratio of the
current being used in the charging reaction to-the total charge current
being forced through the cell, the remainder being used in overcharge
reaction. On discharge, the ampere-hour efficiency of the nickel-cadmium
cell is unity, or 100 percent.

Ampere-hour charging efficiency varies as a function of the state-of-
charge of the cell or battery, approaching unity when the cell is nearly
discharged, and up to a state-of-charge of about 80 percent of the total
capacity of the cell. Beyond this point, the rate of the overcharge reac-
tion becomes significant, and the efficiency falls exponentially until, at
a state-of-charge approaching 100 percent, the overcharge reaction consumes
virtually all of the current through the cell, and the charge efficiency is
zero.

Ampere-hour efficiency also varies nonlinearly as a function of charg-
ing current and temperature, increasing with increasing current, and
decreasing with increasing temperature.

2.3 BATTERY TRICKLE CHARGE AND SELF-DISCHARGE

Nickel-cadmium cells standing charged on open-circuit tend to self-
discharge, losing part of their stored energy. The rate of loss increases
with increasing temperature. To prevent this, nickel-cadmium batteries are
usually maintained on trickle charge, a small charging current whose magni-
tude may vary from C/100 to C/40 (depending upon temperature), where C is
the rated capacity of the cell in ampere-hours.

Al-6
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3. BATTERY CONTROLS

3.1 DESCRIPTION

Each of the three batteries is connected to the main power
distribution bus through an independent set of controls whose functions are
the control of battery charge and discharge, protection of the battery from
catastrophic destruction in the event of internal battery failures or
failures of the control circuitry, and provision for reconditioning of the
battery so as to extend its longevity at high performance. Figure Al-2
shows a simplified diagram of the battery and its control circuitry.

Figure Al-3 and Table Al-1 summarize the logic relationships for battery
control operation.

Several different functions are implemented. These are:

a) Main Bus Voltage Limiting - As current is forced into a sec-
ondary battery to recharge it, an opposing electromotive force
(voltage) is generated in the battery, increasing with battery
state of charge. This increases the voltage required to drive
the current into the battery. If the charging voltage of the
battery is limited, the increasing opposing electromotive force
results in a decrease in the current which the battery will
accept at the limited voltage. This is the taper charging
region of the charge control scheme, which occurs during the
voltage limited portion of the charge cycle.

Because of the internal heat generated in the battery at the
end of charge, and the negative temperature coefficient of the
back-electromotive force, a simple voltage limiting scheme
loses control of the battery after a period of time, and the
battery enters the thermal runaway mode. Figure Al-4 illus-
trates the taper charging and thermal runaway conditions. 4

b) In the DSCS Il Satellite, when the battery temperature reaches
77°F, the battery is assumed to be in thermal runaway, and
relay K1 is opened, interposing a resistance between the main
power distribution bus and the battery, and limiting battery
charging current to a value between 0.25 and 0.35 amperes.

This terminates the thermal runaway process by allowing the
battery to cool.

When the temperature of the battery falls to 70°F, the SSTS
causes the K1 relay to close, reconnects the battery to the
main distribution bus, and restores the battery to the high
current charging mode. The battery then limit-cycles between

Al-7 L
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PRIMARY BUS
' P '
K1
F T/A
70
roK2
M
200 3
K4 44)Q
POWER RETURN

K1 RELAY: F = FULL CHARGE, MANUAL COMMAND:; OR
AUTO MODE WITH SSTS <B4°F (70°F)

T/A= TRICKLE CHARGE, MANUAL COMMAND; OR
AUTO MODE WITH SSTS >719F (779F)

K2 RELAY: T = TRICKLE CHARGE, MANUAL COMMAND

M = MINITRICKLE CHARGE, MANUAL COMMAND OR
BATTERY OVER-TEMPERATURE SWITCH >96°F

K4 RELAY: R = RECONDITIONING DISCHARGE, MANUAL COMMAND.

Figure Al-3. Battery Control 9437-9442




Table Al-1. Battery Control Logic Equation

Relay Kl
Open

Close

Kl (Open) =

Kl (Close) =

Relay K2
Open

Close

K2 (Open)

Trickle Charge/Diode Discharge
Full Charge/Direct Discharge

[(Tgypq > 77 degrees F) . (Automatic-Enable)]
+ [CMD: Trickle Charge] + [CMD: Minitrickle]
+ [Tgaqq > 95 degrees FI*

[(Tgype < 70 degrees F) . (Automatic-Enable)]
+ [CMD: Full Charge]

Minitrickle Charge/Series Diode Discharge
Trickle Charge/Diode Discharge

(T > 95 degrees F]* + [CMD: Minitrickle]

Batt

K2 (Close) = [CMD: Trickle Charge]

Relay K3
Open
Close

K3 (Open)

Automatic-Disable
Automatic-Enable

[CMD: Trickle Charge] + [CMD: Full Charge]
+ [CMD: Minitrickle]

K3 (Close) = [CMD: Automatic-Enable]

Relay K4
Open
Close

K4 (Open)

= [K2 (Close)] + (Vv
K4 (Close) = [(CMD: Recondition Discharge)] . (V

Minitrickle Charge
Recondition Discharge

Batt < "2 to TV)**

Batt > T2 to 7 volts).**
(K2 Open) !

:,AC coupled
20V, 9438 and prior only.
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70° and 77°F (measured at the SSTS) as long as the solar arrays
remain illuminated. Internal battery temperatures may reach
considerably higher levels due to two factors:

1) Resistance to heat flow from interior to exterior

2) Delays in the generation of sensible heat due to temporary
storage of the heat energy as chemical energy. This causes
battery temperature to overshoot, i.e., climb above the
SSTS trip point.

Should the spacecraft enter the eclipse period while the Kl
relay of any battery is open, that battery will discharge
through the discharge diode until the relay closes.

c) Overtemperature Battery Disconnect (Minitrickle Mode) - Should
the battery temperature exceed 95°F, as measured by the battery
overtemperature thermostatic switches, the K2 relay opens,
placing the battery in the minitrickle mode. The battery
charge current is limited by a larger resistor to a very small
current. Battery discharge can occur only through two series-
connected diodes. The minitrickle mode is designed to permit
partial use of the battery in the event of a failure in the
primary charge control circuitry.

d) Battery Reconditioning - If the K2 relay is placed in the
minitrickle position, and the K4 relay is closed, the battery
is discharged through the reconditioning resistor for the
purpose of restoring the battery to its original condition by
deep discharge and recharge.

3.3 BATTERY AND BATTERY CONTROL INTERACTIONS

Because of the independence of the battery control channels, and
because they are connected in parallel, imbalances in current distribution
between the batteries both on charge and on discharge are inherent in the
design of this power subsystem. These are best illustrated by Figure Al-5,
which is the output of a computer model* of the power subsystem of a
DSCS 11 spacecraft in the normal midequinox operating mode. From top to
bottom, this figure shows the currents of Batteries 1, 2, and 3, and the
total current through the three batteries.

At the left-hand side of the chart, at 32 hours (during the second
orbit of the run), two of the three batteries show the end of a typical

*A computer model is used because of the fine data resolution and clarity
of presentation.

Al-11
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pulse-charging signature, after which the three batteries enter into
eclipse with the K1 relay open, drawing approximately equal discharge
currents. Just prior to 36 hours, the Channel 2 K1 relay closes, eliminat-
ing the diode from the Battery 2 discharge path. Battery 2 discharge
current increases (in the negative direction), and since the load require-
ments are constant, the discharge currents of Batteries 2 and 3 decrease
accordingly. Because Battery 2 is being depleted more rapidly than the
others, its current output falls from the initial surge, accompanied by a
rise in the output of Batteries 1 and 3. After a few minutes, Batteries 1
and 3 K1 relays close simultaneously (within the resolution of the computer
model) causing a decrease in Battery 2 current, and a sharp rise in Battery

2 and 3 currents. The eclipse ends shortly thereafter.

The three batteries share charging current at the end of eclipse.
Battery 2, which was more extensively depleted than the others, initially
accepted slightly more charge than the others. Just after 39 hours, the
main bus voltage reached the voltage limit, causing the shunt to operate
reducing the total current available for charging the batteries. As the
batteries increase in state-of-charge, the current accepted by each of the
three batteries decreases, until, at approximately 40 hours, decreased
battery charging efficiency and increased battery temperature cause a
reversal of this effect, and the battery currents begin to rise slowly. At
approximately 41 hours, the shunt has ceased to operate and the batteries
are charging at full solar array rate, sharing current equally.

The heat generated during high rate overcharging at end of charge
increases battery temperature. Shortly before 42 hours, the SSTS causes
the Battery K1 relay to open, placing a resistance into the Battery 1
charging path, and decreasing Battery 1 current to the trickle level. The
available solar array current is then diverted to batteries 2 and 3, which
show a rise in charge current. At 42 hours, the Battery 2 K1 relay opens,
and all the charging current available is diverted to Battery 3. This
surge of current causes Battery 3 to heat, and the K1 relay to open
quickly, leaving the three batteries on trickle charge.

For the remainder of the daylight period of the orbit, each of the
batteries cycles independently between full charge to trickle charge.
Where the relays operate simultaneously, signatures similar to those

Al-13
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described above are found. Where relay operation is not simultaneous, the
full available charging current is forced into a single battery.
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APPENDIX 2

BRANCH CURRENT ANOMALY
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APPENDIX 2
BRANCH CURRENT ANOMALY

The current sensors used in Satellites 9437 and 9438 power subsystem
are of the biased saturable reactor type, having an output voltage versus
current characteristic as shown in Figure A2-1. The design operating
range of the sensor is from -7 amperes (discharge) to +3 amperes (charge).
At discharge currents beyond -7 amperes, however the output voltage of the
sensor is not single-valued and can be interpreted as either of two current
values. The imbalance in battery currents caused by the existence of short-
circuited cells caused a misinterpretation of the current sensor output.

A 1V (50 telemetry counts) output was interpreted as -5 amperes when it
actually should have been interpreted as -9 amperes.
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APPENDIX 3

FLIGHT 7/8 AND 11/12 GROUND TEST SIMULATIONS
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1.0

2.0

3.0 °
3.1
3.1.1

3.1.2

3.2

Test Plan
Three-Season Simulation of DSCS 11 F7/8 and F11/12 Batteries

Scope
This plan describes a three-eclipse-season simulation of Flights 7/8 and
Flights F11/12 batteries using batteries S/N 3-6 and S/MN 3-3, P/N 256107-3X.

Test Equipment and Configuration

Each battery shall be mounted on a thermoelectric heat exchanger as indicated

in Figure 1. Baseplate temperatures shall be maintained at 40 + 3°F throughout
the test. An aluminum honeycomb panel shall be placed between the battery and
heat exchanger. Fiberglass shims shall be placed between the honeycomb panel

and baseplate to simulate the orbital battery temperature profile observed dur-
ing Flights 7 and 8. The battery shall be covered with fiberglass insulation and
a plexiglass cover to isolate it from the ambient environment.

The electrical test configuration is shown in Figure 2. A1l battery discharges
shall be into a constant power load of 110+ 10 watts which simulates a two-out-
of-three battery operation. Discharge duration shall vary in accordance with the
simulated synchronous orbit eclipse charge/discharge profile shown in Table 1.

Procedure

Pretest Characterization

Visual Inspection

The battery shall be checked for physical damage.

Functional Bench Test

The Functional Bench Test shall be conducted in accordance with DR-14C-03, Rev. E.

Eclipse Season Cycling

The test batteries shall be subjected to three consecutive eclipse seasons con-
sisting of charge/discharge cycles defined in Table 1.

A1l eclipse season battery discharges shall be into a constant poﬁer load of
1104 10 watts. '




Py

3.2

3.3

3.4

Eclipse Season Cycling cont'd.

The battery charge shall consist of:

¢ A constant current, one ampere charge, for a period of time equal to
3.6 times the discharge time, followed by

e A four ampere maximum charge rate to a battery voltage limit of 31.8+0.2
volts for battery S/N 3-3 and 32.4 *0.2 volts for battery S/N 3-6.

The charge current shall be permited to taper when the battery voltage reaches
the voltage limit. Each battery shall be automatically switched between trickle
charge and full charge on the basis of temperature. Charge rates and temperature
switch points are given in Table 2.

Solstice Season Reconditioning

The batteries shall be reconditioned after completion of each eclipse season.

Battery S/N 3-3 shall be discharged into a 200-ohm load until the battery voltage
reaches 12 volts. '

Battery S/N 3-6 shall be discharged into a 44-ohm load until the battery voltage
reaches 20 volts. S/N 3-6 shall be subjected to two consecutive reconditioning
cycles.

Following the reconditioning both batteries shall be recharged at four amperes
and maintained on trickle charge until the start of the next eclipse season.

The solstice period shall be limited to only the time required to perform battery
reconditioning.

Post-Test Characterization

A Functional Bench Test shall be conducted in accordance with DR-14C-03, Rev. E.
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4.0 Test Data Monitoring and Recording

5.0

Battery performance and test conditions shall be monitored continuously by the
battery laboratory Digital Data Acquisition System (DDAS) at the following time
intervals:

Test Mode Data Sampling Rate
Battery Charge Within one minute of start and

completion plus every 10 minutes
during charge,

-Battery Discharge Within one minute of start and com-
pletion plus every five minutes
during discharge except for recon-
ditioning discharge where the data
shall be recorded every hour.

Battery test parameters are listed in Table 3. A1l parameters shall be monitored
by the DDAS and stored on magnetic tape at the time intervals noted above.

The data shall also be printed on the line printer to facilitate real time,
assessment of the results by the responsible personnel.

Schedule

Figure 3 is a major task schedule in bar chart form.




Table 1

Duration of charge and discharge periods for each cycle of the eclipse season.

24 Hour Cycle
ﬁlYJngR Charge Time Discharge Time
Hours Minutes Minutes
1 45 23 40 20
2 44 23 32 28
3 43 23 25 35
4 42 23 20 40
5 4 23 17 43
6 40 23 13 47
7 39 23 10- 50
8 38 23 07 53
9 37 23 04 56
10 36 23 02 58
1" 35 23 00 60
12 34 22 58 62
13 33 22 56 64
14 32 22 58 66
15 K] 22 53 67
16 30 22 52 68
17 29 22 51 69
18 28 22 50 70
19 27 22 50 70
20 26 22 : 49 n
21 25 22 ( 49 n
22, 23 | 24 22 48 72

A3-6




Table 2

Charge Control Parameters

‘ Battery Bus Voltage | Trickle Charge Rate [SSTS Switch Points | Full Charge Rate
| S/N | W) (A) (°F) (A)

|

‘ 3-3 31.8 0.175 64/71 4.0

. 3-6 32.4 0.250 70/77 4.0

Temp —e

A <SwMmcR D TRICKLE CHARKE ON TEMPERATURE @RISE
B SWiITTh T2 FulL QHRRGE or TEMPERATVRE DECKERSE

°F FoR SiN 3-3

ST T17*F o sjmw 3 -4

£40F For sin 2-3

70°F Cor S{N3-4

Tineg —sp
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Table 3

Battery Test Parameters to be monitored and recorded during test

Parameter Number of ‘
Parameters

Cell Voltage 22

Battery Voltage 1

Battery Current

Battery Temperatures RT1, RT2
Battery Heat Sink Temperature
Cycle Time

Battery End-of-Discharge Voltage

—t b N T\ =
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ONE SPACE PARK~ RLDONOO SEACH « CALSORMIA §0279

i DSCS-C3-481
* INTEROFFICE CORRESPONDENCE 79-8725.2-0506
To: D. Rusta cc: Distribution oare: 28 March 1979

suesect. 777 Battery Interim Report - Flight 7, 8, 11, 12  raom: C.(iéije
Simulation - Season 1 and 2 ' stoe M1 wmaiLsta. 1406 exr. 5077t

The attached figures summarize the performance of 777 batteries S/N 3-3 and
S/N 3-6 for Seasons 1 and 2, and the reconditioning for Season 3.

Figure Identification

Battery S/N 3-3 3-6
Season 1 2 1] 2 SUBJECT
‘ 13 Typical Midseason Temp., Voltage,
! Current Profile
Figure 2 6 |10 |14 Reconditioning Discharge Profile
Number 3 7 |11 {15 Mi?%ggg Full Charge Fall-Off Current
4 8 (12 |16 End-of-Discharge Voltage Trend
17 18 Peak Overcharge Current Trerid

Reconditioning Discharge

The Battery Reconditioning Discharge Profiles give evidence of a second plateau
phenomenon. The discharge profile for S/N 3-3,Season 3 (Figure 6) also shows

a distinct linear region prior to a sharp end-of-discharge drop-off. Prelim-
inary inspection of the test data suggests that the shape of the curve is real.
The primary test data is being reviewed.

Minimum Full Charge Fall-Off Current Trend

The minimum full charge fall-off current is defined as the minimum current
observed after the initial switching to maximum charge rate and prior to the
increase due to heating. These currents are plotted vs. cycle number to demon-
strate any trend. As can be seen from the figures the data is plotted twice.

A3-12
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DSCS-C3-481
79-8725.2-056

D. Rusta -2~ 28 March 1979

Reconditioning Discharge cont'd.

The upper plot utilizes raw data. The magnitude of the scatter and excursions is of
interest. Inspection of the test data revealed considerable variation of the temper-
atures at the current minima. Analysis of the current-temperature data revealed a
linear relationship for a given test configuration. The slope of the current-temper-
ature line was used as a normalization factor as indicated below:

I, =06l (T - Ti) + IT.

To ar ° 1 .

Where: lT is the observed current normalized to Ti
0

To is the median test temperature

Ti is the observed temperature

IT is the current at T,
i 1

O is the slope of the current-temperature line

or
The temperature-normalized data is plotted in the lower portion of the figures. The
plots are smoothed considerably and may be more meaningful in terms of the fall-off
current minima vs. cycle number trend. The discontinuities occurring at the begin-
ning of the seasons correspond to changes in the test set-up.

Peak Overcharge Current Trend

The peak overcharge current is defined as the peak current observed following the
minimum full charge fall-off current of the previous paragraph. Several early-cycle
data points could not be plotted. The primary test data is being reviewed for the
cycles in question.

CL:bj

Attachment

Distribution: B8. Alborn P. Ritterman
E. Ames A. Schoenfeld
J. Durschinger W. Scott
ﬁ. Kipp C. Sollo

. North C. Stanley :
. D. Rusta !)E
Data Center
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DSCS-(3-498
INTEROFFICE CORRISPONDENCE 79-8775.2-110

C. Sollo cc: Distribution oate: 23 May 1979

TO.

rrom: C. Lurie
woc M1

SURJECY:

777 battery Interim Report - F7/8, F11/12

Simulation - Season 3 1406 -

MAIL 5T A,

The F7/8 Season 3 simulation run with Battery S/N 3-6 produced two
cell short circuits and two cells whose performance suggests imponding
shorts. No anomalies were obscrved during the F11/12 Season 3 simulation
run with Battery S/N 3-3,

Inspection of Battery S/N 3-6 cell-lcvel data suggests that cells may
give warning of inpending short circuit failure in terms of suppressed cell
voltage and anomalous overcharge pulse waveforms. Both cells which shorted
in Battery S/N 3-6 developod partial shorts which clcared prior to being re-
moved from the batiery circuit. One of these cells developed a permanent
short prior to isolation.

Data describing the short circuits and general Season 3 battery perfor-
mance are summarized by the figures listed in Table 1.

Several similarities are noted between the ground test and flight shorts.

Attribute Flight Ground
Cell P/N 8E005 8E005
Cell Mfg. Lot

No. 1 1
Season .3 3
Eclipse 0-20 9

Short Location

L BYBTEAS 010 MEY, B2

Central Cell
(By Analysis)

A3-32

Central Cell
(Cell No. 6)
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Table 1

Figure Identification

SCS-C3-298
79-8725.72-110
page 2

|____Figure Number |

S/N 3-3 | S/N 3-6 Subject
1 2 Typfca] Midscason Temperature, Voltage, Current Profile
Season 3, Cycle 20
3 4 Typical Midscason Temperature, Voltage, Current Profile
Season 2, Cycle 20
5 6 Typical Midscason Temperature, Voltage, Current Profile
Season 1, Cycle 20
7 8, 9 Battery Reconditioning Discharge Profile - Prescason.4
10 1 Minimum Full Charge Fall-Off Current Trend - Scason 3
12' 13 Battery End-of-Discharge Voltage Trend - Seasons 1, 2, 3
" 14 15 Peak Overcharge Current Trend - Seasons 1, 2, 3
16-19 Cell No. 6 Short Circuit
20 OCV Decay on Charged Stand following the Cell 6 Short
21-25 Cell No. 15 Short Circuit

A3-33
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5CS-C3-498
79-8725.2-110
page 3

Analysis of the flight and ground test data led to the conclusion that the
F7/8 charge regime contributes to cell short failures and should not be continued.
The backup mode, i.e., . high bus trickle charge, is therefore being cvaluated as
the prime mode.

Continuation of the F7/8 ground test battery simulation is recomnended to sup-
port this change.

The F7/8 Season 4 simulation should utilize high bus trickle charge as the pri-
mary charge mode. Because the history of the F7/8 simulation battery (S/N 3-6)
closely matches that of the flight battery the ground test data can provide valuable
guidance for operational decisions. L

Continuation of the F11/12 simulation is reconmended as a design verification
and is of spccial interest because the stresses imposed by its charge regime are
intermediate between the F7/8 primary and backup modes.

2.0 Discussion of Season Three Battery Performance

2.1 Typical Midseason Tenperature, Voltage, Current Profile (Figures 1-6)

Figures 1-6 depict typical midseason temperature, voltage, and current profiles
for batteries S/N 3-3 and S/N 3-6 during seasons 1-3. '

The low battery voltages recorded for Battery S/N 3-6 during Season 3 are caused
by the loss of the three cells that were bypassed becausc of shorting or anomalous
behavior.

A3-34
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DSCS-C3-493
79-8725.2-110
page 4

2.2 Battery Reconditioning Discharde

The reconditioning discharge profile observed for S/N 3-3, following Secason 3,
is shown in Figure 7. The flat portion of the curve between 129 and 145 hours and
sharp inflection at 145 hours were also observed during the reconditioning dischurge
following Scason 2. The reconditioning discharge following Season 1 did not exhiibit
these features. The 19.3 Ah reconditioning discharge capacity oblained after Sesson 0
agrees well with the 19.8 Ah and 19.2 Ah capacities obtained after Seasons 2 and T
respectively. e

The reconditioning discharge profiles observed for S/N 3-6, following Season 3,
are shown in Figures 8 and 9. Operational difficulties caused the discharges to be
terminated at 22 volts instead of the planned 19 volts. The observed capacities of
14.5 and 14.4 Ah for the first and second discharges are therefore biased low and are
not directly comparable to the corresponding Season 2 values of 17.3 and 18.0 Ah.
However, if the Season 2 curves are integrated only to a point equivalent to thc Seca-
son 3 cut-off voltage, first and second discharge capacities of 14.7 and 15.0 A are
obtained. These values are in acceptable agreement with Season 3 capacities.

2.3 Minirum Full Charge Fall-Off Current Trend

The minimum current observed after the initial switching to maximum charge rate
and prior to the increasec due to hcating is plotted vs. cycle number in Figure 10
(S/t 3-3) and Figure 11 (S/N 3-6).

The convention of plotting both raw and temperature-novinalized data used pré-

viously (DSCS-C3-481, 2& March 79) is continued.

During the second half of the season the normalized Battery S/N 3-6 data showed
more scatter than had been observed previously. No explanation is immediately avail-
able but inspection of the raw data reveals a steady and rapid increase in the minimum
fall-off current during Lhis period.

2.4 Battery End-of-Discharge Voltage Trend

Battery end-of-discharge voltage is plotted vs. cycle number in Figure 12
(S/M 3-3) and Figure 13 (S/N 3-6) for Seasons 1, 2 and 3. The season-to-season agrece-
ment is excellent and no trend is apparent.
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DSCS-C3-400
79-8725.2-11)
page 5

2.5 Peak Overcharge Current Trend

The peak overcharge current observed following the minimum full charge fall-off
current is plotted vs. cycle number in Figure 14 (S/N 3-3) and Figure 15 (S/N 3-6)
for Seasons 1, 2, and 3.

The S/N 3-3 data (Figure 14) indicates that the Season 1 peak currents are about

0.2A lower than those of Seasons 2 and 3. The agreement between the Season 2 and 3 dat:

excellent. The S/N 3-6 data (Figure 15) appears to follow the same trend. However,
the scatter is far greater than observed for the S/N 3-3 data. The increased scatter
is probably related to the more dynamic nature of the F7/8 (S/N 3-6) charge regino.

3.0 Cell Short Circuit Failures (Battery S/N 3-6)

During Season 3, Battery S/N 3-6 produced two cell short circuits, and two cells
whose perfcrmance suggests impending shorts. The shorts and associated events are
discussed below.

3.1 Cell Number 6, Short Circuit

Relevant cell and battery date are presented in Figures 16-19.

Cell No. 6 first shorted at 15.55 hours. The time is confirmed by three observa-
tions: '

1) A battery voltage inflection occurred at 15.55 hours (Figure 16)

2) Temperature sensor RT2, mounted adjacent to Cell Mo. 6, indicated
a temperature excursion starting at 15.60 hours (Figure 16).

3) The Cell No. 6 cell voltage dropped off its overcharge plateau pre-
maturely at 15.55 hours (Figure 17).

Inspectioﬁ of the subsequent data indicates that the short cleared itself with-
in.minutes. '

Cell No. 6 shorted again at 28.05 hours. Voltage and temperature observations
were similar to the initial short. The short persisted for several hours; Cell {n. 6
was isolated electrically prior to the next cycle.

3.2 OCV Decay

Battery S/N 3-6 was put on open circuit stand after completing the Season 3,
Cycle 9 charge. The OCV depay on charged stand is presented in Figure 20. Analysis
of the data indicated that two cells, Cell No. 4 and Cell MNo. 15, had OCV's more than
three standard deviations less than the mean of the remaining 19 cells. Cells 4 and
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15 are plotted {ndividually.

3.3 Cell No. 4, Anomalous Behavior

Cell No. 4 was electrically isolated during Cycle No. 10. This action was based
on two observations:

e The Cell No. 4 overcharge pulses exhibited subtle but real shape
changes that are believed to be associated with impending shorts.

o The Cell No. 4 voltage was running 50-100MV lower than the remaining cells.

3.4 Cell Number 15, Short Circuit

Relevant cell and battery data are presented in Figures 21-24. Cell No. 15
shorted during the charge following the first reconditiong discharge after Season 3.
The short occurred at 17.60 hours and is confirmed by inflections in the battery
voltage and temperature (Figure 21) and cell voltage plots (Figure 22). The cell
voltage dropped to zero and remained there for more than one hour. The voltage then
rose slowly for about 14 hours at which time the short was substantially cleared.

An overcharge pulse occurred between 55.65 and 58.00 hours (Figures 23). The
voltage responses of Cell No. 15 and a nominal cell, Cell No. 20, are presented in
Figure 24. The response of Cell No. 15 is anomalous and suggests that it was not
accepting charge normally.

Cell No. 15 was bypassed at 63.9 hours. The zero voltage after this time indi-
cates only that the data acquisition system is no Tonger monitoring the cell.
Immediately after being electrically fsolated from the remaining battery cells, Cell
No. 15 was discharged into a 10-ohm resistor to a 0.0 volt cut-off. The results are
presented in Figure 25. The discharged capacity is 6 Ah. The cell had received a
total of 40 Ah of charge (16 Ah before the short and 14 ‘Ah after). This s equivalent
to a charge efficiency of 43%, assuming zero state-of-charge immediately after the
short. The efficiency of an unshorted cell should be approximately twice this value.
The inefficiency provides an estimate of the magnitude of the short. ‘

~As can be seen from ?1§uré.25 the voltage recovery, after removal of the 10-ohm
resistor, was {rregular and slow.

3.5 Cell Short Warning Stgns

lnsﬁection of cell voltage data prior to short circuit failure suggests that the
cell voltage may signal an impending short fn three ways.
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(1) Cell Voltage Distribution

If the voltage of a cell, which had been part of the normal population,
falls significantly below the population, the cell should be suspect.

(2) Voltage Response to the Initial Charge Pulse

The voltage response of cells with impending shorts appears to exhibit
an irrvegular feature near the beginning of the initial charge pulse.

(3) Voltage Response to Overcharge Pulses

v

A cell with an impending short climbs to the maximum voltage slowly re-
sulting in a ramp waveform.

A normal cell responds by climbing quickly to a maximum voltage and
either remaining at that voltage or falling off slightly (due to over-
charge heating).
Figure 26 shows the voltage response waveform of Cells 6 and 15, Battery S/N 3-6,
during Cycle 7 of Season 3. Cell No. 15 appears normal. Cell No. 6 exhibits the
three warning signs identified above. Cell No. 6 developed a short and failed two days
later during Cycle 9.

Although Cell No. 15's waveform and working voltages appear normal during Cycle 7
and again during Cycle 9 its OCV decay rate was anomalous during the post-Cycle 9
stand (Paragraph 3.2 ). Figure 27 shows the voltage response waveforms of Cells 15
and 16, Battery S/N 3-6, during Cycle 33 of Season 3. Once again the three warning
signs are present. Cell No. 15 developed a short and failed14 days later during the
charge following the first reconditioning discharge after completion of Season 3.

The absence of similar cell level data analysis for other systems makes it im-
possible to comment on the generality of these warning signs but it appears that
thgse warning signs should be considered precursors of short circuit failure for the
F7/8 battery configuration.

3.6 Teardown Analysis

DPA shall be performed on Cells 4, 6, 8, and 15.

Cell No. 8 qualifies for teardown because of low voltage only.

A3-38



o o sem

: (¥H) A¥O 40 UL e
ou.nn .o ....ﬂ io‘o.u« oo.h« oo.m« oo.n« oo _N ..oo.a— oohn oo.g oo.n— oo.: oo.o

...“!
L]
v

o T T e e r—— . TUTUTTTL T T e
. R o = ' R “1 ; S _.. H 1 . PR AP ie
e e O N L wp SR AR ' . .. . .- -
) H g T ' i : . : H .

(2 030 INNIYYIIL 2UY

.°0¢

!
[

2
%
) 091NN ANILLYS

(9) 1NN

o9z

e.
A1
g

-0y

(3 0201 J¥NisNIMIL I“

~
|
|
)

R 2

oy~ 08 - -

A3-39

:1“ . .g.l|~' - lgh .. alg -
62 . coR - oee

: . _ . , uJ.Vﬁ.JOx.. e N S, . ', - W.L . Tegol - - 02
S P R i . ’
; , : ; i ' m : e ﬂon. )‘\n { i .;Q&LRQ. Ll T
SR ARTREE o S h.:koqn. L.?ws:o € 59ws0n ¢ Mus._,nemoib.r Qomewo_E e - -otee
: I i O : Do ' :
I 1. IESIE T St - - s . - -y i P L s eme o
” m: :m__ U S » cdd ¥ i .
A : 1 . ! oy i ; ' {
PP i b Lt 2 L { L L o.ovrl.l.o«—. nll..oN- 'v&o.vo

3713054 NOSY3SOIN 02 w...u>u m 7 §938 ‘€-€ Z\w A¥3liWe *€ELL 1§31 - oooo ¥NOH 16 »ca

A T— A




00 it 0n1e 1.0 14

00-Lz

oS

- C e

00°Lt
el

(¥H) ABO 40 M1
00° St

lou. 12

03°81
[

t .
[}
N S S o i
Lo R oo LI
X ) . o . : : S S
P Pob by P
: . X [ . : ' _ 1 *
. - oo - A N . v
: : ! . : oL : : o i .
” L SR S N T S AR AU ST BN O R
B ' . : s B . i [ ...". T
: ! : ; ! : : a_ iy vy e ! (P i R
-t : S S S B N S : ; i . iy
v ! i i “ T T ., - n s i \.QEQ hﬁ. : :
T, A N <)) qut b!.«Sso ~mc§.§. auu.:.««uaih._. MSVISAUW Jco_a?r P
: ' oo . . . . \ A o Do
- : - - . cni.... -, B .l.: ..ﬂ , : : m .l MR _. . -.“.l N c~L|Z. D s w..x [ llllm J’
SEETEEE Y ST P TR BEEE ;.:Z.;._ B e
L [ SR B R RV EUTNE SRSt S BN T S0t LN MRS R N A 1.~ KU S DO T S

u4-ma¢m zomauwgr_ ‘0z mqu»u m NOSH3S ‘S-E N/S A¥3ilWg *9ELL 1S3l

0061 00° 11 00°6
.y - e .

- oooo UNOH 16 AHO

e
.
]
)

e
P,
"

R

8

13 0207 WNLVEINN 11

(Y) Lu3¥

e
t
$
iR
Czll NLWA LV

14 0300 33NL0IMIL 2U

.
»

- o

8'
t

-0® *c? 8

.- -gw .l og. e°¢2

°.- llg. . .8 « . -008
IR :
ke A -
S :
R o-1c

oL *OtY - .- 01T - 2°8¢C
L] . .

- .
: !

00— G T e 070 -

A3-40

o.eu.ll Luon-![.a-.!li,ccvn




co-te

-y,

08° —n

————

fr———

— »

Wy e

i
‘ H [
. P Jra
: H !
' IR '
, H ' !
g . - .,
. e
. . . !
. . :
.. ) v
. :
@, 0 b H
P ] i '
+ R ..mx
i . ;
- 2 :
d
‘ ‘ . i
f ' H
b i . H
. PRI - & .o BN
_ . w Lo H t
. . . M
i : R
'
\\/
il

00°LZ

L —

b oimap = s me

00° u«

0o ﬂ«

“ H
N . I
. ' 1
- 1 —
A
:
1
.
1

012

oo s1

(UK} AYD J0 MIL

mrme e e e e

[N

i
'

00° L1

0031 20 €1 0011

e me s e e

. H
g Gaibb
IR
i * i
B
RN I
“. [ _...u.

| BN i

A N I

RN
m..

: . ! ;
: ; . S
e - IV A _ !
. . r ;
! ' Y ! :
H LT, i :
! - : * i :
! P : : '
N/ A A
] ! ' H
—~_
. i ! n
L _ -
B PO .
R A

f
.
i
t
1
:

: -5 ..“ ..u\ht&uo...s .
i Anseey 205200 L SvniTon” 7 .qr\hk MOTUPSC I | .:ci\:

'
i
0

u.:momm zomcwmo_z ‘02 wJU»u N NOSH3S m m Z\w »ruw.:un ‘EELL ._.ww._.

Lt
.,.m v
S S

0007 ¥NOH hu

»co

[+]
]
»
™
=
-y
-
=
-

L 2
- .opool.li.l o«jto« ——

14 0307 WN1Y¥IUIL tLY

»
"2

2
a
) JWIWA AU

<
09t

[ of 24

o-ez

A3-41

oct -

- 0718 -

R DR TS

001 - .00t - .0°%%
-1 ” . .
o3 - c0t1 - ootk
S I .
o' - o2t - .03




(¥H) AMO 20 UL

€o°tt  00'1E CO"6Z _ 00°LZ  00°SZ__ OO0°EZ  €O‘1Z  C3°61 0oLt vosy 00°St oot e o * »
AU v g ooy

, . - = T i . | e R IR sk e Cimeem 0°0t=r——r - Q2T *0F — -1 0~ #To— -
: : - “ 1 D o o | Tt _ A R F T Lo | } : : -
: 1 ' ; Co . . o [ ! T , _ P ' ' : 3
I W vt [ . R L S O o ) .. e e - » =
' [ " t ! i o ' [ : 1 } ot : . | i » - -
_ . ! i . ! i ! ! b o ~ - -4
' ' . t H :
_ ! . . . : L 9°8-S 08— 3] L
“ Co I R ! 2 3 2 z
. . . ! ot : . : i = ™ > F
. , - . ; - H : . ' 1 . = = o
: 1 i ! . Lo ! iy i vy i s 2 S =
' ) : ! \ | m P m Vo P [ | i - 1 = - =
- - ' ' - LR . e e i Lo Lt 4 - e e 09~ Y T2 -1 LY. . [} g
; ' ; v [ [ i i 1 - 2
' : Py Yoo IR H i =1 b4
i - -
o= - °0s °23 ot X 4

0°2- - ‘o8 - 0% 0°ez

A3-42

00 - ‘0. - toe 0-e2

- o, -es - ocE

il .

C !

0..'. ! ‘08 YT 018
- ..W " -

-0t —— -oot - - lov2E

; e D T v ; _ . C9eg 31 ..QPF v QJU\/U z SLQWM. ..... SR 11 IETRRY 11 R .o.ﬂﬂ .-

coo X i - & YT L.\w.eeau da.....o) ..o.Eu.r iomvﬁw}t WAL i
; e - e e L -y - lel PR -
N . P v ” D l.«uldd-l T . _ .
_ Eoy b R : . . _ A '] H _ : e .
; ._ .-l..u. (SRR AP S AU B L m..: _ [PISPON c.g e e PQZYE oD ~ - QPG -

uiuomm 7owamw8z ‘0z ugu»u N 'NOSY3S *9-€ N/5 A¥3IlEE mmbﬁ .mu._. - 0003 x:o.._ hw »mo




ree

e a0 s e —— -

, (¥H) XYO 4O 3MIL ° " .
20°ZC  CO'DE  00°8Z  00°9Z  00°¥Z 00 «« 888.28.:8.:8.«_8.2 8..

v

R e s e e ——— — ey ~- 001 »Q%;——1" 08~ ——0"9Z - —
IR R A A S AT A A I T O M e
L VR S . . : oA : v : Y [ ; . - ». =
; ] | D . - v ! : , : ! T T » - -
HE AR B o o ' ! N SR n [ ‘ - »
: ' i i : . ' ' | ' H Lo + i [ [2] ~» = -
: et - - P- 0°e-5% 0t - 0t 0°8s<
. . ., 1 _ : “ b4 m -°l
e . 3 g 3
_”x.;.n - - e =
P D - »
| B " - c ~ “
m _ 09~ ‘ora “or~ [0 7 2t
! . : - 2
H -4 o
__ _... b4 -
- -

*05 0L

o
..
-*

]

.

2

02z~ 0y ] 032

A3-43

oz - .ico8 ..~ o8 - .6

b~ . ‘08 -- "08 015

- W¢¢L.Jo> YQEQ 09— .M.sn.. ....gu. - .Q.Nﬂ

1 . ! A
ST N R T “ i "

B A L. L Lo S - - .
i P S : — T P i '
| £-¢ s ‘.th.enob. | oC 87242 Tobsuss - e..-n ".o:" ot -
OU, LomyrD | 2dULI00 w.q:\hh.aamnmmq~.\ TOISAL g , R . :

. N : PR Lo 1. . : 1. . :

H . ! H i H [ N

..m; [} N ] m .m- —c ﬁ" l.l’-'.ﬁ" - ‘.ﬂ -

RO I SO0 FU NS P o.S..I-L.o«“» —iv021 -

,. e ... A I o
m.:uomm NCSH3S0IW ‘02 m..u»u 1 zowamw “e- m 7\m A¥3live gELL ._ww_. - 0000 m:or hwm »co



1LOr) ADV 3v 3w

co-z¢ 0Q-0t 00°82 oo.o« 00°*Z oo.uu oo ou oo.o_ 00°91 00° 91 00°T1 oe-ot bo-e ° °*

2
8 s
A

PR B B SR b Sl b i U3 SOCH Sy iy e S ot e 2 ; T -
_ o S IR P! R S IS U B ! g ! s .
M O A R LR N AR 4 y i S » E
' ! , ’ | oo Vo T A .n.*... T ! i ’ = =
d . i : . . v ! H [ s i oo ' R i H = - -
i ' ' i ” M ! v m o, y o ! H H c T . “ o [1] . - =
R - I . . v n A Cot . ! i : . ! . . . : - - O-.Im 08 e wﬂﬂ’- 082
X ' ! : . ] H J H . . . T i i . » - 2 F
. ' ] ; S . ; i Lo . ! C R | = 3 s
: ! ! ! . i ’ ! | ' i : | I z : b~
- NN : . - [ I : S [ - : . : - - bA W
. i : i H f oy (R i PR - 3 e 2
. . i . , . S P - : - 8 . : D e - )
i i 1 i i ! : o1 H fe e - -
I . X 9 - _ . _ : i g Q..I. 03“ L T OnGNH
ol . . * H . _ _ “ R - m
: N . _ ; . ] e
i .o H H . R el
. ! [ : : 2
v S e or=: . -08 -0 oLz
1]
. S _

o0, o 0 o8z

02 08 --: 09 --00C -
v " c08 - ‘08 .. g%

0°9/-. . i°00L, .= 008 02 -
M t H -
i : : :

IS IR P .

Q- s ydwr.:..o :L.

[4

ot moAD | cosuss

. W-.. =e2d Anazund ‘aowiron Cowal 1.Um«ume€ Tuotehl D E ’ o
_.._ . . ; P ” .j . _ . m._ : m. P e .
- L DR SR X .l.L IR S S ORI IR G WO SUN O oo 0°0t-.-. .-0Zt.. .. -0zt 9ot

u..:mozm NOSH3SOIH ow m..u»u .~ zowaum m € Z\m CEINUEIR wmhh.hww» - oooo ¥NOH LZE AbO

S st




—— et o = = w—...

S it et ——— e e - — e

P

2est “oreet -

| - ——
'

C ) (W) A¥D 40 3412
o.ﬂﬂ 0" 821 o-e11 o- g0t 0-s8 0-88 0°8L 0- 859 0°89 o8y 08¢ 0°82 [ 1] o's

v

———— P .-

. T - S T ar e S el e e B e o s e o el T S R 02 -
H H ‘ s . Loy pooee b _ N g v Vol M m ~ et -, e -
: : . .- : - . - S - =
i ) v : ! . H m * m
! | : . N H ; H i .
V i ' [ a4 23
' i 1 ' | . . . w
R Lo . _ A L ; z
X : T A - £
: H ' ,.. .ol 4 -
1 ' ” 1 : “ . ) . . . . °o0—“
! HE " ' L H ’
. ] M . * . ¢ . .
‘ - . .t : . EEETR R . -
. . v ! ; : : . i ; .
. . ' . e : . LI . .
i ¢ i i . . . ! to ] . H
. ) : ! _ ; ' n _ ' u o - [ 04 1]
] . . . Py [ I ] ] ) 7 .
. ! ! ! + N : i “ _ L. -
i o P T
Lo _ P ; I S
’ [ ! i ! . “ -
A Vo : ; ; A ' : &
; | ' : : _ ! ' : i <
' X - Voo : ‘ : o oo SRR
o B . ,o H { v : i P s 022
H ! . o S ;o ; : : o m . : . ! !
WS . St ALPVerd PWMISIA S 1ML 1QODIY . : T e -
i . . . : * : [ ' . [ .
1 .

) oSk 49 JVLVIBewaL BOVUSAY WY | L : ) : - - Lo o'z
4¥ OuWon vroot W aLwvl QVYIYHISIO TR L i i L .“ m - K . S [ . :

.._ . . ; t
L H ‘ i

e . . LT : o E :
S T S SO SO . ' .
, : : i . '
: . R ; - L P _ . B R J
S P PE R A S o2
T S S T S # oPSHIS IR
! ! . ' . I R S . : !
' f ' iy ! 1 [ o
' : - el p e R e e ammise el
) . H . . hL. -

| @iy BOVINISIT S et 1 Qv .*Tlttm . :
. [ c . \ cl - s Jv

R - ! ! e a———— v . g2

!
bl e p e b LRI Y . :
‘ EELL 1S31 - 0000 ¥NOW L11 AMG

Yot




c v e

v o4
co'te  ocovse coee 00°1¢ 00-62 0c¢z  00°8Z
M e St ki S nad S Ry T
! P N w,._A _ .
O A Lo ; ' e oot
' i i : i m ! A
: N R
S T O T
. v ) K P i ' N i
i ' ; T i i o |
2NN N U B S A e S
' ! t ! bl
: 4 - - - - A, M N .
X . : . . 1
' 1 ' . { ' N ! N
I W %, iR %M._
L S T A A S
: : Lo ' R G
_ . “ - A ! R _ L «n".._A _
P, T A A D
; _ . : g ; o i
o DI R
bt B R R I
S A R A

00 €

e imm ey e

————

(¥R) A¥0 40 3ulL

' :
. + -
A . 4
H .
i N °
: . L
. )
-5 © e
.
.
.« H
i :
* ’
!
..
t
'
. -
i)
. ‘ :
. :
- H H

- Y e

.
[
.
i

uyYS'H a.. ALIDKIVD STV HDSIC .o?:cor_..nodth.
' ..\-tla s .eﬂr(!l.ilr uucqlattc
4t Qo .-\f.r v e n.-wcd..un.ﬂ ._.Fbco

: ; :
. , . H
f ] - u M M f “ ..w 1
. . i v &
o (A
' t 1 : ' .
[ TR | e e : 3
i “ i ! (Y 03\ .w.:uso
I RSN ) i
. w s bl o P R (e e e
3 ) i . M u w [ .._. L
R NI DU s PR I B

: ; i "ON u.:momm

—

) - oo.—u 00° 61 00° L1 00°S1 oo.nu 09° 1t 00°s
S R e N e -1 H

on.

oA HASTO OND93% *SELL 1831 - O 00 YNOH L11 AHO

>

|||I°QNM|

g°rt

ot
0°02
02z
‘ 0°2

- 0°8T

ll'lu'c.uﬂ.

CA) JOULT0A AMILLVE

A3-46




. T - (¥H) AMO 3¢ FuIL e
[ooalh & 4 oo jotoan +: 4 jeloig- r 0C-32 [eJeik 44 ge-ze 20 0¢ 00°82 oo o2 00 ¥2 00°22 00°02 00°81 00°91 - L
R e e i S S et T T s ssmmemeys ey - T - p e — T e ] et em———— —° el
' ! . o T ) 1 b ! N : ) -
: . : - P I T B R [ B
. - o b .._;wt R IR TR SR I S R L S L=
. : R o [ K A R T Y ; i T . . T a
i — N R R R . m~ P =
. R S : e R LA R e 0°0le
' | X . ! . Pob R I i : e
. : i : ; [ FE ' : -
: ) : ” SRR - Pl . 2
» <
D I R ! ! .
! t . . . | s | 1 { [} -
' ! . o s l | . ¢ . <
- - ' o I R . . FER - o'
| P R S R A T L NI P
i , : } - I : B KR . .
_ S L X : e | :
. f 1 i R ' ] [ v
oo ' P i : vl tooe :
A 3 _ i :
m - “ m . - Cobe w . .
R v S R H
=y ! . ooz -
o : [ ~
| ' , . . : oo 4-
A “ R reme T e
B RERER . N
Do . .iw. “ P - ez .
. N B . 1 f A .-
. v SRR S S U S I | - : :
. : i Vot : T v v i : i ] ; )
, S - ! ; oy .
i . : . ! i + ¢
' Vo ..m | IR i
L ._ S S <;,.m. ;.,

Ul 4 B! ...;r.d.(a(u ho»«(xoa_mr vQ.H.co”F.m.«Qub,d Ce

1
s 0°92
;

HA.TE o B LY Y PRWE SR DTNy ot

L-.u. SYoT W M [V T4 n.u.l._\w...t...“.a. _\VU-L&O . “ .
NS CTRN N R U 50 0 6 O B8 8 SO IO LY <4 b ne o R | U0 e
' ! : o . : ' .
Do Avariyy Lee Do
. R SR IR E L :
; S R Serrvourqueazy A i
R I Y el Fe -
N T R L T T TR SN IS N S AR AL I A :
TR e o T R T
- Pl S SRS SO WIS NUPUC LN SR NS Y N SR U S SN SN NS PO L TS S
Z "ON 279120¥d 30U1IT0A "HJISIO "ONOJ3¥ °S9€LL 1S3L - 0000 ¥NOH 121 AHO




T
Mbadial Sutedn et ol ~1rv.v.~lo|.|..v AN
v .m,..!m.ri 1 RGNS PRty EENa N 1 i1 TSI .
: .ﬂ;. T .“..A,MYI BAREP 44!? I“LIY# ! 1 I R ..u . i 1S
S Saan nal Ak RBad fua: S B R
XTI ETREEE N B o e
R Y S R o8 maindl o L +44-+ N - : —t
B S T o _A - il @f Tl : Q w.—.mlufj SR -~ |
i R RS e ST ot N A 4O & i g il QT It
R TL. .1 E . i it e TN Rrok ”.,.1.%,,;: JRIVENS BN
M ETRIERE i &0y 4 [ NN I P ] 4 : . Ll
DS o & ST e S e e e 1
[ T Q . el badrnn I R o et § N i -+ ¢
= -|,ro r' A ; - —- P - i - |_ BA F_.v ). _x ”H B x«l.P
O LI _ ARNE BERNN R RE! R T RN
X AU g s 2 T : T S AP S - 1
e ﬁ._J S Sl i - T o FREYS " T
SY¥lignorirr < N HFH I THA R Y WA F RS -
N DR DOGRE BRaal FoRs 1 pund tua il RRue) S L] R oL e
— 5 o i it s R YN e e 3
N S - ~ ) L - ' 17Ty v 8 R Rl ' s g 1. ot T M
Y N ] e t M I R [ | o, St + A
oS aN,I (RSO P oo -4 S FRN S S R NS N — LS
U 4% N [ i ed b T SERP NN NN g RN 3
N PR R I PR | B sy
NRIECE A b gl N8 F U F uf 1T
-~ X .LiS RN B 1 44 "4 By [ o 1-4
AV R RIS I il s e B : FEENERNS Eaa Tl
NGRS R Mol SN EuNEs papsl Anseg Eks (o hu N onsaRERRdRESan trrd
S - i + ot wdooeop 4 -t o m 1 i i i
=~ C S e A Nofr RS
! : RN (SN TS N DR I . . bt
R SHm Y ot G A ST EREad SR
O N R T e T Rauny unky kenngio) AR ENY Ry
N+ sl _ ! { N wnand Rl @
.?.A.flhf - INd i BEN) T Cl + ] .»LIT <
..”..;.u....ﬁ 117 4;1 _ T ._!1.*. T Ll H } ._.*.n. (]
et S0 REbu N Fulul R e e SRR TR
= TV T3 1 «..qlm. 4=y lﬂ;.fh- .ﬁuﬁlﬂ Srmall T-.w : - N H - + e —mu. ted -
— 1 4. Y e |V ond
RN B . N T o - RS SRS - ++rt A B R
1 ! it CEE TR SR o] s L Ll
S N AR I [ GERy RNy Al adupcsdy : I RPN B g
s e ST e HAL AT HEEE R
i i ru} . - uukdnsnn PR BN
SERAN ENEu EERES R Rt o S - it o Ny gt
SR R | o eAREReY faant o SHs-
R I e A I O ot L.
Il.” : - — R J_ ] et _l i L Nl . nm..|+ 4 - Ua RN
e T Rk ] ! PR |
e R A 1 i ~ i . ¢ - e
S SN A ! ﬁ e 4t 1. : £l
i b by - R » -+ a5 ..* =i et
i - hd 2 - A . H
cA.;,\.l» [N ] 1. 4. )4 ... ﬂ . *a H .M H m.w
— 1 |M.. L« J 4 ﬁ* =t-y b g oden
> s - T N : T ! B L €. ———
1.!.L10L|.“ L ’ 11 -4-1- LTJ Jdad i.vr*l Jb..P - ov.l ‘Flwbl
AN SR s + BN A W N |ty | e
IR WA 1 T NN T e T ol s e
PO - i — . prd it
SEAA fuking {BaREE unss] A e e
.I— R B2 T L i —-—
- TR it I ol 1 i b b uug ) i~
y - . Vo REAN ﬁ. ol B3 g e L - ’
IR By vEeB g e
..“_ﬂ IR HESLEEE S iy wmmrJ N ! :
S U SO TS [ 1 H e ot oc ot
V0 Ty Hlaba T T win..k..“n. ! m_ou. -
A PR

.4.:...!:.8....4“3‘!
SIMONI 01 X ¢ s HONI 3HL OL 01 o oM

o~
4




+

‘—{_4-

]

=+

@9

H

R
.T—J———

R
B N |
-

s

B

4

T

i
i

ik
‘

7

1

O

'
*

G

: Q- a

o o ofegmen

4
:

1

-

1) T .
SR e T :
e RN () SEIRATE I [ -

— et R = R i H
i St S IR PR R ) A4 ‘
SN B ranil B sa N AN | A s
. : i REA N

|.V b

it

\ROUG DATR| Lot ALIzED)]
T> THE MEDY fud TE P

FEE
o A
[y s

b

B T SRR

P Y

#';

R U RN

Ty

Bt

]
. —. 1.
i .. +1 -t -
SN RN gl i
R .v.«..h. A- i IS H ¢4
e R e Sl L ] i
I M [ . v_lu o ~ i }
' . , ! 1 . N
Tt J.A.Q.m b4 »l
hsdbuen) Eudy -
P HEEoEasedf: .
- R St . 3
] EANREEREsa RNl ity i
+i b Lopp 4 : L
<-4 il b Ly aabba s H
Saseypansginsad]s 2yt L
RS RN SRR N NE T :
T FErtrr ey i 7173 - 1
Tt ru&m f ~ 1 i1 T 4
ainhannyieanhneSaaps iT L _
Joig ol igs ey b l_ \ B SN . n.
heuddinafliyayuls! it i i
A R L o b REN) B
it bt A A 4 = -5 ! i L
NN R TR IR PN AN IR RN N A ap bl N i .
Q| g I anyh |- k3 :
L R

.‘ bmdion

w
i . S A B - .

1 N 1 N _—v ' X
ndBS R yn S e EeR RN , i Rl :
Ll B PR -+ Al TR
Rl ETEH PEEED BN o {4 - [ L i EEN .
2 ,jnﬂ i r.T S x f o FARN s I I

wWe iG] SRRE N i ; il ! Figliatits ;
T B e & W o L] R e , P St P
E P O n TR T SRR, EAS AXi
EEE G S an|BhH R e Ik
R - RREd KR AN RS AR R 3 ; . » : it
T 5 g [t .y ;- - i T oo
S g cu.f.m o A v . 4 SR
ENI IR S SR LA I IUEO A VIR 0N A A : i . Y i
....UN._._Uu A R S A £ 17 ! h !.\_
S XSG T T i I Plaie 22
PG I el bi b e : P IR KN
IARERSERER EEE IR EE ” : . i
il R sl DR t‘.;? | ~ | 1t
i6d B udl REGaE Bkl Gndul : 1 & i

08L0 9%

YSA N JOVR "O) ¥ISSI ¥ TRAINAN
SIMONI 01 X L sHONI 3HL OL 01 X O

tib g ek

A3-49




%
S

-

U T T T T T
R m - - L.r ; -L \_VM ‘.MN mdmn.k_ -+ ] AT
RRREEEE L K w {Eans - _ 0 -L.n._.:r.ﬂ.ﬂ frt it H
DR ERARS i IR RS ERe R ub R a s Fuvd kRN ] it v
e e B o R E R - -
SESRaBA RN RN RARNSRNEESONBRNNY NN i
R TH w»T., m ." “ + A4t _ L i .._.L.,T - i
S B SR ARE i P b RS et !
SERIERSELIRE RESRE TR -7 et
Proad i IERERCEE: A T H it b
phat 8 Rk i RS S it Bt L it - N
5 [ B L el 441 44144 k- : [ R SN )
RSN U AR iEsdiNEdl RREERREREREHN T fin vyl
et i [REE L b et 8 O O S B B N - 1* i
..w : et : __._”., Lty T,w A i d H-1-4- r ju_..-" N
e et 0 Y L NN N R R EFEARNE FSENN B
T [fissiciat _ S | JpEaEail
et o 7t o ' ’ : 1 - AR (R anins 2 bl 2o ol o
o T e | ORROMMOR( ._ i e
RS Pea N Y L YR Skt
S I O BENER A EaRRRERR N AR ﬁ i N
M AN RN NN 4 L A i
1 . | — ; : i i
N - Mv

et o e =

I
LI
t
1{
e B

A

-
|
—r
)
s
i P
PSS
s :
' '

PRI Y S
N i

R A3-50

. I
BRI L 4 z_..;.\;.. L 1. 4L ! RN RN
IR S S SR PO SN N (Y R i B [, 4 IR
Ay ! t BN NN ." Zwi. RN SR I U O DR _.ﬁx! - ‘i.m P
- TR e v g . _ NG EREN FH L e

1T
.l

i--

IEE e

P W
AL

I
[ S
iz
[
S ML
- i

‘
1
i

1=

bee

=
=1

4
1
S
‘Qri :

Rt B o o B ol s R
-
.
1
boieeo
t

B
R
RN W
[
il

c1~r

!

| ERSNUREET D
el
S
in et
-tl

.
4
SRR

L

A=
I8 NS,
N ST
™
y
177
-t

T

!
+

H—- -
N IRATIDELE
: *+‘ Y

I‘L"'

L
P,

-t
)
(I

- _+.'.-

e — .
k!

v
———
S P

. RO Y — i - ada i i
s BN REE DN pea e s o s BRRR R
v 1 1 t T I : q B -+
- v..r R 7 .* i + [ SO N - pd L.Ta - 1 o,
PR R e O | ST Ranass] L
R HUN ~ A ! - A | A
L ..~. ~ Pl . "..q. H : PR B W m
SRR AR NIRRT 2 SRR RS
st i Rk \VAS - iy
i e R sy b AR i s ba by

-
—+
+
1
L
i—
-y
. |
T R
4
!

L R AL

L
| !
RS ER Ra e Rk ! i
EaEaass Pl
V&L o/ RS D 251G LY, paEnel FRERS |
i R prs LU FEE

. ¢ VEAM IR QD WISST W TRLINEN 22
$IMONI 01 X LaHINI UL OL 01 K 01 22283




-

A

e

N T __ -
T R R .
: N SE o il
- o

S
b B M
s .
s v - S
Ly
IR .
e -
b vl
s il
L i

)

WL7ON " DI Y3 51 0-F0- 03 AVLLLHE

l

o,
3

w

4
]
1
=
Lo ,.L.l —t-

—yoy-

4

-
!

-t

-+

1

R
o
*

C = g —a—

RN A Ry
1 xg_ﬁ. m_ " ._n..w..-f
o Airel i kot P
R ~ .—J - wnm ..?,\T.m.
AR WA I ol S
e
| EEE e R
) B RN R
e i
—. ; .T....IL .. : w

».

0840 9F

VIO R IV O HISSI ® TRLANIN 7
SIHONI Ot X L e HON! IHL OL O X 01 o

M




S AU ) SO SN SN U O G S bl [ e H RSN
R e S Setetediid ﬁl*l_vv.alt + \QAUX W..HL.I? v Lot
..... - e r e Srees ._‘IT_ —asdeen .. LA TLI;:P; 1
[ v oy P [ e U Y v | . ..T.*LL{ v
- + ! wh ! : i MY
- e ety “._-“ C e bl 4} i : R LET
S IESSREEnas Sy el Al [ oriles e w . T: ‘
RN B B P i 1 00
: X {2l ! N ! — I
;. SREEE EistE SEENH SRR ERaH] FERRRERESRE
S S i o e Mot
: R el RN B ; {41 SN TV
s . [N Ll FESEE R [ RN N L by
-l eyt 1 -y { - [ R R _~ D B _ 4. A ._..|*l '
1 I B H
S by — i -4 A3 . RSN 4. |
Hril 1 gl SEAERERE SRR a R nynsl
NI R A ;- St . N A
i 1135 PT b RERERA Rl W SARdENE
A SRR B -4 L i-d “ dog—d- ~ .
o ! SRR Aaa N d DY/ EEd=2 PN
U G ,w-.w ‘ N Ti13Y L] G T
-1 ‘ _H..lh 4* -t ) ...ml 4 ' . - A—vxb. § N M
PLTT AT LY m O AN NG P4 m s
EANE e AL ¢ Gl ) N
DARY P (e ol K¢ ; ) AN ZE i (R
A.la” “{\ni,“@ Ay /\V(u 4 4 _* 3 ‘. ; *.; A fH- “.
e b e [ e R g ek |y IR N -1
Al el P _ by bbbl L -m ;- ._%._m{ itk
[T ERERERATES Nl T30 T P
IR R RRd A nnd KR i b A iy
et b b L ... At b s Db
} I T 1 [ 1 A
. gRnauY Enhvauuukl i IR RN Bl iy L
ik Ry pubuEanbl b FLLTF sin RN
i [ I toy : !
s nsul BSERd aRa: s * i L8
L ) f i i, M) t
RN -l *;._ {414 - - a B
A RN RE I I NN N T
iy Frpriatg RERsS b st
ST BIRINIE R A ENE N Y
i3 HETR! 1 1 iy -t ] §
= FAE BN I
A AR DR
S8 SR 1 1 iy {
L) ' X T .
T HEM: et I ..
DO o e . bt L3N IS R N [ .
SRR E — . - " -1 I - m. i .
SRS FEhua BE: ARENE AR ;
IR IRPUN I L o B
AT DO R R S -
—teeeis EL T -
Ty e - p Lt FR
RESREE . RN B

2 . YSA N WYR NY HISAT B TILANIN =2
08L0 ¢b \ SIHONI OF X LS HONI ML OL 6t X 08 L3971




§

-

R
\y

] H
. ! ﬁ%. i
: H 1 :
IRWE RN . REREpEEuE
......... [ VRN I U SN I i - — e N
......... Lfi r»,m ! i _ﬁ .-“ | i
. - " ,_vql. ¢ - 1T+ ..Iml.... - +II4LI
. : 1 R d-1. A

Baw

1
TTTT
FLZ

|
IR
S

e e
t !
T3 1
T

ARy S

-r Y_._ A.é —.-'L._i_

e fae e

s
S

PP

11

(W4
1l
1)
—
i
I
™1
—

1

i

|

WIS 5 N g
T_'
Ly
:
| -
i
1
il

-l

iy

i P

P 4 .- L.w 4 -4 I.ﬁ PR I & . FI3

L et : . SN N S O L RS BN -

e . . _ﬁ N i iy ENEN

— i it Tt i 11
oo oot 3 poiod-dpd 4

t

P
R R T

(o e -

_. 44 Jm : l.l_-J e
- e . RN I A O I IR 3 : .
ST N RN IR B s
- : 1 <T7
LiH {Enb - HNA rtle
V-t Ja Ty | oS 3 - i

!
1
!

H
RS
B I N
e
.

TR R TR - 2
= oo e RN 5
— N HEwOI 1
ppess I HT L im " )4 hauk
L1 AEESEOppudEnindhnan SEEREL dlii
L YT CNA P R St
L SRERNBUE tk ol i
s .

i

j+-t

i
!
P . ..* 11 FH

: . ] i :

: AR RaREaE il i
R e b fald -t ] 4+ .4
R ,M.Ml._.nu Wu m.. RN - ] % :Fe_.w
— b Ll e - - - LI
I _ﬁ [} It ] M*_ v L5
— e - Spbdb ] - ] ] g-i-i

S g g :

. —e

pomen fomdm

I

4

Veane?

. ¢ YSAWIOYN ‘0D YISKI ¥ TILINAN =

SAHONI 01 X L *HONI 3HL OL 01 X 01

b2

)

M




- s am

o

S2

c-¢

o
4

(4 07 JuALYYISUIL 21y

.
o
L]

‘ce .

<

[
>

.
©
~

(4 .930) Jwnyyigull 11y

-0y

»
(3]
w0

“ec2t
o
<09t

*091

v

(428 +1

[« ]
-
o~

i
0
o

€A J2YLI0A s¥ILIVE

0-22

{2824

0-2¢

LA P o »>-JNRNOIPRY « |+ - JOUGIE ¥ ¥ 3

SEEREYE

LF =

‘e oupRuL

to.0 wyn

035°02 22°02

038" 31

+

‘

A }

033" 81

B

P e e N > -

00s° 81 009- 91 008- L1 00D L} 008° 81 £00°81 00s- St £09°S1 [+ 28 2

R S =t .
. R S b -
: L :
: “ w m .m v
T | o -

: _ L banw T sooswds,
N £ 9-£6]s dvanw | FLL ssal
L : m ; - A vy L .
U LT SO S S UL L U S N S T TP U UT USRIt SR S

AN

cdery




(-
v

aang cov2 035°12 000712  00S°0Z €002 003°S1  020°81 _ 025°81  000°81  £OS L1 000°L1  00S°91  OCO91  COS°ST L3761 £23-%!
[y [ - . R i T e L LT L T s LR e R R T T .. 2 9 o e cmmene o e pev—a— m——— - - .. -
A e e e GV i i .
-~ _..H ' . . . . M . } . . m ) ) ' . . . . H .
2 = L - : e ) . .
- = . ; . 4 , ' ;
- - ' . ; . i ' : .
ceenl . .. ol -
: 091 o S ] ¢ H
© < . . v ! i . » .
[~ H . . | ' 3 B . H .
- ~ - et LN A N ot .
ﬂuh oy ! ; i H ! ! . . . ! H . m H .
b a ¢ Ty : ; ' , ; ' : ' ! ; i
2 gre-m I A ST WL ot S ] -
= = : : ; i : i ' ; ‘ : . .
< . e T - . . i . . :
- = . . . ' . B . . i i '
= oo IR i ! ' : Pe . .
: , N I . N S : v
. . . | L R P H ' i ' ' V ; : e y . : n
Lt S S SO JUCTE S ' : Ivour00 8D ey - St [
g o e - — ]
) 0}.\\\-\. R i ,r o
. : . . : { . -
fgent or0- ‘ SO S SrUE F S 4 Boeo. b e

oo PO LT T 'Saleerw irerer 978520 Qarsauved

k R L.Nm!h DML ‘drL SalVIigr! Hivd LVINOISOnS SML JO MVOUIBISvT PY

L
(£
«

.
<

CSuw ST/ LY HoUYMIS ™MOSYADIXS BURLNIOIWRL - Co .
¥ 0aLvIgm T9, 150 al LoadyICl cawnew’ 2Ly Wswos BvarvuTIWIL .

DODINDI PINIIZU. OL Yiny WOYS NILIMS Dret OL Yo@vor S22 Y €Y

1 SUM ELS) Uy NURLVIT DSYoMIUINC INL o TISOUQ Sm7730 Lo atoy -
U T C O CSUNST TS av CAUVONS S, T

132 030 . u : :

. TRLWIWIS B/ LWHMM T 639DAD L oSWIS C P-T oS AURILLYD Livusodd Ll
e e S (T S L

. . . . -\l’ ' . — v ’ - ey

JI\ ] 290u10a 27D . Nl - -
3e comt S R S
S . .. Ll DI

e s AT S N S N S S S N S JE A S SO i e o ma
TTTO A 0t v AADEA tA A G La tma s e *




v—

“
.

el 4 €e3°G8 [e[1 314 8362 . agc 62 €33°32 000° 82 05 L¢ oot L 00592 000° 8%

o
-0
w
.
T
o~
o
[
o
w
o

' i T HE : : H L i
B T e AR o .
- : ooy b N T S SO B . : = :
: ! Yoo, ‘ ' m P i = - :
; _ : ” : . T : o & = :
. o i T, o : ‘ e 0e-% ¢ c0tx 4 9-s:.
M o ! 4 H ' ] H . Py, n . ~ . = E
' : ! : : ! i : : [n] : Z 3 =
Dt - S T B T DD I B Dot 2 & 3 :
. ] . AP . . ... 1 - T F..d ‘Il\ .
S A AR R I TR R 3L 3 % y
H X P ' i : H -~ H m ~ .u
' i CoeorAd ‘0r~  O°st
: . s
i N s &
B s ~ *
. : S -
H -
. -
L B e el
M,
, .
'
; .. 00 “ce [ A
H
) N : i :
-0l ;003 *6S1 [ S
. . ! o
. - H -_u-_v
“ ! ; 2
o . 0°z - o2t 062
.p + - : .
S ceye b
i )
Y X SRR I D ¢ o-c”
i [}

Dpr om “c91 g1

' ¢ : .
" [] H
H : !
o' . .ep91 . o8t o2t
4 . [ h ) H . ," ! : - : : .
- et L. L RS SRR S S s 009 e 0002, 002 o°¢¢

6 37949 '€ NOSY3IS ‘9-€ N/S ‘OFLL 163

81 94

di\ v




o
o
ey

coo-ce 6e3-%2 Sc0e2 cos-ue C00- g2 008° L2 000 L2 00892 00033 00852 000° &2 00S°»2 000°v2 14

R U A B I I o & R 72 B B R
. ' . . : : P st i ‘
. o . ' e : T s : ° i Tr.oe 7, . e
. : : : . . ' .
‘ ! ! : Lo (B : '
¢ ¢ B . . ) - : L T -
i R to u , i m i i u _ Do
' .q : ] — _— . . m ; : i i 1 ¥ P
H ¢ . : H ' H B ! Coa X .
.N ! : : : ' m ( “ i i ! : i )
: : . : : ! ' i i ! v :
, : t . . N "y T T :
; . V ' o ! s : ' 1
. . : . . 1 m .
L . u LR TR S SRR T
: H . i § . N H .
P : S L RO T S
' . ) K ' Sy o ' o .
. — Pomaron 3> . . RS e
|.. e ' ‘ yoov . . . : . .. . K] : .
- Tel ; B b R St T PRE S RUNE SO SRR g L '
m P m_ . ' " . o ITmvMIwWor 3 VeIAYNRD Iﬂ’ "e> o
- i 1 . t : . A B : : m ‘ . t
V- . - ). cme e b e ey . P “SISATVAY ewod avalr m -
. DAl CASLDNs A0 MM Cevw 1079 CQRUvIoSt Sum R L VI
| P . . “
- - TTLY AO TRLWIOwY VOISVeONI BTMWISIWAL IKL Slo .*.
¢ . ' . : .
ETHTTIT LD oy S8E 4Y eune Gmigons 9, T .
" MeUVIAWIS  B[LTAMenS  (ITRY Coosuas  9-C oF Azalivd  wypdedd [ XXy
Pootm e e e el . . PR - H
- . i : , .
! . T - ] ' 3 :
! : :
. v ~ AUIeA 219D . - o ™ /
: ) i . o s
. R S S ;
: : e ) : : : oy LT ) ,
i ER . [ i ' i N oLl 1
et e e - —— e .....n...l..r.l... e e - ———t e .|.m - . PR I [ Uy RO -~ - 00> o5t

6 37042 ‘€ NOSYSS ‘S-C N/S *3ELL i§:

bt v'd

A antn b N e mn Y e . Y



1K

1

R

r

PYr

ol o

41T o

Py Do

-

[0 S

1

b

~

3.

1

R

PR O N

Ld

et e

R 10 I

-

Eponws g o et B EE 2T

s

TH

]

HION! ¥3d SNOIS'AIG Dt X B3NJAD €
QINHLINYIQT-1NIAS
¥3dvd MdYMD NIOZLIIG OLET-tYE ‘ON

b BOLUE L O
"0 N32TLIIC aNJINT



: C¥H) AUO 40 JuLL e » Py
u.:. nu.un .oan‘ oo.dw oo.Or oo.nN Qn.oﬂ oolﬂu oo.MN oooﬂ oun— oon~ uorw— .oo\&-

v

nul. ..|~ —_ .9.\' |m.l ‘..‘,.ii-.!J“.i.. ...m ..\lw.ul l_\ .J.II...., nl ]ll mvl.lq.ﬂ!l“...ﬂtlﬂl' .JJv L ||W°°.° lil!Jl.ON. —— 02 —-—- O.Mu
! U A A S P BN R A - . e
< e ——— —o RV AR DS P = £
- MET T 4 A oJ P T = = z
- . . ' s _ oM ; . ~ = %
, , . e CL Lo L 09°05 “0f ‘CEx 0Ll
' ’ : T G : ! i i 3 2 o 2
' . . |- . ' = h = —~
f b ' i : = ~ > >
' B . 1 et} it o N R - = - (=4
l i s . ! : ! v H . ! . i > 2 S “
_ o et A I o2 g A =
! . ! ool i ; < EE T 00"t oy or~ 0°815
1 . ' 1 1 , . -
! ' ' . X : ' o pasd
] ' i ! 1 ¢ . [ o ©
' l ' : ' ’ . B ] RN - M -
i _ i > -

2
g
g

0°12

3yNLYYIIWaL

i .
. 4 .00°2 .- *09 °Co. - 0°sZ
: y : o
. s .ﬂ
4 .
! . . 3¢ ]
: D <
C o ~108°2 - -*OL - - “OC o°s2
Coo R ; .
. . , -
¢ * .
. : . Y . ) .00°¢ -*09 - *08 LT -
} 35410 ¥ o . : - . 1 . .
: ) , ’ [ . Lo . ! K : -
—_— S R B R T R e
_ . S T T oge . . .
*>piv? sonew 95/ (AV1Iviwvd) FTISUT  QBV WDID LDONE INL , | , i t - oss os ce 0°s2
HeTOL Swrs ILY AD QR QN IUUSUIIWAL WWIv SdL o i ; i .
SSIAON OL Ll Y PTIBELE pOISINDIVT FWUYISSWEL ¥ QAUVIIONT . PR e ter e e M -
S1. I POUS Awrew $IISD Ok QUurrew TILY VOSMDS P2LVIFIWIL o A 1 ! ’ )
Saven ©FLr LY CRIVONS Sim TID - ‘ : -100°y - °00% -oot 0°:%
! : : P
: : ! . ’ f . i
.w A T A A e . : i o
oL w N T R : . *‘ 20“‘:‘“ ﬂ.F Qog . " _Om- ‘ott - *ot: - a°c¢
ﬁ\@k.}it&h %\\.k& /e IUBUNDSIQ SO I QeTRSY DasIY wuu«.._.u_ '
Co : . L SrEwvs Avmiawp . wwvond LLLC i
.-

..“
| S O U S = R

i R - 00°8- - 0BT -0 m - 08K
1 *ON uomm:umHQ szzou:o—zouux ¥3154 30¥YHI *SELL 1831 - oooo m:or m: ANO




11 ‘\\ - - =
(¥H; ABO 40 3uls e n .
3° ce-or 00-rf 002E 00° DF 0D° 27 00° 92 0072 0022 00* QN 0081 oc.u- co~vi 0024 g
- . e e g e g e ey e e —~00*1= -~ DO I~-—-- - 50°0 -— 05°0-
. | . R -
: o) pas
2 ———A————o— 5 © a F .’ e T
\/\(\.h\ OTe 7790 DYYLTIOA 3Syd-al-DIV ' - ~ - z
NNy~ _ : 080-%  08°0-_  C2C3 cEo-
4 ; 8 " -
H u “. -] -~
. a < <
s = 2 =z
Sy TITD  IIULICA PIud-as-pow 99°0-2 0905 9703 2.°3-8
° - ® -
i [) L -4 -
P -t [] - g
. 2 o
1 ' n g . i “ [adl
Sty W)  I%%r9A D ) 0 0~rr Q-.o.m 03°0 2i°0
i . M e : ; S Z
H - 2
' 1 - <
i % ~
. ' t ”m -
, . ; ' R 02°0-~ 0202 03°0
i i ' i . -
' . . I : had
. H B ' 1 : i 1 ] .
[} E . PR i . . .
. L O ! _.
UNISIVS LY AVYUVII 4O ST (DUYLYISTC SiNL 40 .00°0 00°0 20°3
DI IMEIZ INL “BHusren Zivdear=9NY OFL,II80 ML Al i
QIvmwo  Assiec SI IBWIOA Iswd-ar- VIV  Sl,TaID B,
s ' ) . . : : _ *wBmiw Synow 9.6 #7931 ’ ]
asvvs AWUTYE  TVE oM, 0¥L) Ay qawons S1aT - 020 20 - 0z-1
. i S R B “
. N ! H ' - .
m N i
° - — O"TC = 7730 BDWLI0A TMED . . oo or-o o1
. ;. i - ' E _ H . h ™ LA .
' ! ; i ; Vg ! ] S [
; : 1 .o 1 : ] i P -
T ; _ ' i - 09°0 99°0 e ]
' . ' ! 3 I ! )
! “ M : .. i n ,. ” “ “ Lo Vo H N v u g :
O LR I S osyss | e..do_.& coleles ety - 08°0 200 98-t
61, 1153 mé.sasu u\ﬂv 1o 2/YwmISiQ Smooravod sy ALY 2%2wnd .
. T 9-¢ ~va Awalivel wwwbodd Lik. . “ Sie 170 i
' Loy 04 ' _, ! o _\ :t — . ’ .
i e . ' ks —100°1 — -- BG°1 - -—— 90T -——m
ﬁ 04 uom.mruw*o ozuzof_.gn_./ou\wm ..c..luomdru mm,hh _mw._. oooo m:o: |11 AHO
DR




2370

00° 89 00°99 00*r8 oo\nu

>.,_..vL/‘

0¢- 09

co- 84

>

.
: i
_ !
- R . :
R ; : ’ [ h
1 .
’ v
_

'

: _ s ?wtnvl\.\\n Q\hkb

i} STV . ;
A T B
F L A S SIS R

o-£ ..(xw ‘_..Qw.r..tQ

9

00° 9% 0098 00-z¢ 00" 0¢

00-9r 00

T T s e Ty

i o f i P S C

i : : O — o
' LBRIND ;
! ) s
R Py
[ i i P
: Co g ! .
_ TN _ i “ _
\ . M t R

' t

' : , ' . oot . :
P R i
: ! [P T L i.o ! RTINS
I A D N
m H ! 1 ®- ! i
[ ' :
' : |
N [ =29uivon avariug ,
Lo Lo i
: R R
- I R i
I A S O R T AT U B
1 HEER ot } N Lot
S " R e
m. i [ “ m __ o _.m . .“ i ,_

¥ oosyas lar iwernd 7
qu:\tn.aﬁ Sevi o s @ ey .\lhtl wuszu
C.(QuON.n.. Prr . i

TV

as

00°3 — 02

08°0,

(Y) IN3Y

oS 1 -
002

0e-g

¥ -

R, W

.
o
L]

g

(1 930 0PN~ 01, 24

R T, TAN

e ]

11 O

M3

[ -8

¢

€3 037) MOLYN3d

~99

0L

08

°91

RERRRY. 1]

——— Gl -

a 1y

A3-61

v

1
]

(-]
~

(A W0bs WA WU

©
&




T €0 3¢ ) 30° 65 A co"8p 20-r9 ) 00°2T3 05209 Q0 8% oo 28 208 0079 00°0s oo‘sr . 0O e
N T e e B
- B s i Yoy T et
—o- ——— -~ - - o 9 —— —_—
. Il.{'\l\)\.l\lﬂll\’.\l\/\/\l\w\nl\)\/\l\/\lm ]
—5- -5 B- -F 5200
“t Lad
n . : 5
. w { ' : . ~n
! : ) ! i .7
. . , ! . £9°0~2
' : “ i ! ’ , t i i : a
' . : . ! o : ! N J
- " v - ! . i : a
» : ' ! ! . -
: . - 9.?m
A i : _ A
) [} t ‘ . t o
: ! ! : =
: ) ; : ' . ! i 1 8
, , H i iy R : . ; t -
o o : S 02:0-~
IR S VLI oW uBSmeSy O 31 WRLSAS MOWISINGIY YiYQ ind
Bus | IbML ASVO  SALIICET Dury SIHL Vg CAMIICHT :
200uren oz s [ @2IStAD Sy S1n TIFD SWoOH BUED iy . ' i
! AWy P820epD SPIAIIINY stV St Sg TTFD apms SLSILMNS ! . 00-0
Oy JAOIVWOMY 51 87,1785 w0 25masdy e £ rwyow ; : “
YIS IS DI Rk OCx 779D IO DTIIIY FEMLTON L -
* sInowv 00°35 !
Crver Saver 9355 (DHUET 02321200 237G BTN wy o - cz°0
- . . . R . ) . . Lo ey e -
e - ] . ' . . e .
- OT, 790 Siwsvap .ih[o< . 0.
. B 1 i .
“ D . . 29°0
: : i : + oOux.wm. L eo,wn_ . “
: ; ?aFSaSu ~>. 2) i 1oer 20YYHISIQ HIeOU I QVODTY aw.u« .u,v\so N
. : ' oln ~3 AYDaLY ) Wewusond LLL
- c89
! S v
. Ste TR IMTATTIID . s . .
. L] ' : | ‘ . * t ) ' ’ N ! ’ e
L, L D s wmTTEg L o
JE U UNVUDU B SURD S SRS JUUURIVE TRUU SOOI [N e Ao R OU R 00° | ~—
p—

" .
00° 1~;—-— - 20°0 -
-
~
~ ~
™ . ~
o
03-0~" oz'cZ
= .
2
- ~N
- (-]
" -
(-]
z =
%05  oroz
S -
o -
- - o«
-3 -
A
”
o< 090
w .
=
2
02:0-= c3°0
90°0 201
0z°0 021
ove0 ort
29°0 ‘91
os-0 08"t
' N
190°1- --—- 9072

v

2
?

(A} J0LA707 9t 0N 1113

HC-

- o010

A3-62

0g-9

€30

b A




&

o1

T

b

.

-

-

——

L -t

18
T

0 SR i
o

—fme e

]
DR I

1

v

-
;

-

:

=
EREs
4

TV

.

“ror |t

-

r

T

yIy W

4
|

i

L]
-
—

s
_‘

T

SRS, B

oy

1

11

I

y s T
-

-

?—J -

$374

T

Lo

i

o

.-

- e S b

L]

1

T

o T

4

® s 2000

O

»

‘
1

>
ST TITeOT T

o

i
e L

i+

i

T

T
4

+

e
v
i

Sy S

T

L

—-imgahowray ks

I
ril I

T

r

1

i i

-t -

RN
1
-

| ..
o ———

RA
13
-

P LN B B L

!

b

™1

1
1R

T

i
i

»
—_—t

T

T

[
10T
I

o moman s b -

i

o e

A
[}
]
i

T

~

B S S,

N
S
i
1
1

i B B

e b e
—dap -

N
!
|
i |
4
.
g
!

I

—

+
'

-

Y-
1

.1'
1

—t

.

P
Y P
e

t
)

—e

269D
mmyeas kq-

r

b g —ae g

R IR

S _..L_;... .

I

) JCYR
LoHONI IHL 0L 0L X OL

&

b -

et

4
v

-

s

e

=

$-

|
--f o

’-i—

b
|

v’fl!

109 MISST ¥ YI4ININ




clxe

0312 00°62

0o L2

00°52

co-¢ce

‘ ||.1..1 ———— B i Lt Sy A e v e
_ _ : ! V ! _ ! ! ; '
; ! \ ¢ ' i ;
: | - T T - . T T . -
. : . i : i
. i : : : : : i
- e e B . -k [ B -
' i : ! ' . 1 : ¢ : H
' s . o ! : H i ' ! f !
H ¢ ;
: . : _ ! ' : i A “ ; ' !
! g P PRI - .- R, - o
. ' : " { ; 1 i H ! i i
1 ' 1 ! ; . '
4 l i ' ' i : .
. ' X o ) ’ ‘ )
! : . '
. ‘4 : !
t ) i ; i M ' 1 :
i i . ’ T o o
i : . : N ! |
; ' : ! ! ! '
A .-
||nﬁll// ’ !
- s : '
\ o o
N H . "
. : i
H [N ' T
q . i : u
' : ! !
- : N . " i v . :
. ‘ ! » ‘ ! | ' ! H i
: : : . ! | : . ' ' . i
L : : S . e e T PR TR N LR N T
i ] : : : ,. v : : : ; i ] : i :
. .1 1 . . 1 N i . 1l H H
1 K H .
' 1 ' ! ; i ! ‘ i . : . : i .
: : - - . — i Sle L. - PR too N ; - -
¢ n B ) ! : ! . ' H . i ' :
. H . N 1 '
: ' ' ' ; R ¢ i
‘. . ', ‘e . 1] - . -
' . . " i '
: ! : i ) : H !
. . B i ' H H ' t .
. . R N i . . . e o —
i i . ! ; : i H i ; 5 . :
' ' ! : : :
: . ! . ! . i : . t

0012

" (uM) ABO 40 3u1L

00°6% 00- Lt 0o- st 00" €1 co° 11

1 . +
e weT _
o i ] T L S SOCTE WA VRS S SO S S B A
wwrhorgd L7/ fe-g N/& 4 3TTAD °S NMQYIS O/ I3 - ONOO HOQM oL

00°6
= 00"0-——00" 2~ --—.

[<]

L
Q
!
Qo
1704 ST <ON 113D

o
o

(A} 20U

09t

A40

v

038" i-

2041704 8 “ON 1133

cz 1~

tay

08°0-

0%°0-.

80°0

cr0

021

N i
ILS.#.I?-..HS P

A3-64




e ® * w,

* 9 e B g s st B0 s B D o3 B * P IIS S8 ., 99 . ® % & 0 g0 B e 2 I BT @9 e -

ce se ®

(¥} AYD 20 3u1l

| J

-5¢ s-es co-1e 00° 52 060 Le 00°S2Z 00°£2 01z c* 5t 00" 21 00°S1 00°¢1 00- 11 09-8 ..
LT T TTOTTTT L T s T e e e e S Ha T Jl-qJ..;.!_W... T 0000 - —- 0000 - —-
: i : ; i ! Col R EI AR .. Co : . o
_ ” : i ' ! ! ! I L B g P _ L ‘ -
P i : foL b ey cono b .oa c
. . : ! R R _ | ot l X i - E
. : b “ “ . “ . L 0203 0z-0°
_ : : : : _ ! Lo ! : M
. . ol d AR i S L = <
' ' ; . : ] : ! ! ; : < 2
\ : : : ; =3 =
! i . - 2
; or-03 or o0&
2 -
- =
-<
09°0 090
-- 08°0 080
(V3]
3
L]
[ ]
L4
- 00°% 001
0zt - ozl -
- ot ors -
) : b
IR i g ,
. . ! ‘ 1 v - . » -
: L | %.w.\ ¢ - - - -~ . 09°t  --..08°1
: M DT v “
; . : ; : B b AL T -
ST UL S T e -t
T e S | i P s xuu.b&u ” €§can_» rrr .._Hv-xw.,”!n......m : .
e L S A R SRR SRR ST S B
- - m b ll.-l.x. .;." ||‘|.L_ . v!" . -t e I - Cmepe “A“— -, - u - X lmlu “ - . - BN - - )
PR U D W | IR TR M S P T U T LTS B i -
! H : ! I i i : ' P H H : M . v
i : Vo b ] Lo R WU S U | LA AU WO S AU 002 200°2

6€ 37040 ‘€ Aowcuw, nnhh 1831 = 0000 ¥NOH o: A60




Ara

—

To: C. Sollo cc: Distribution DATE:
sussecr. Test Plan - Simulation of DSCS-II F11/12 Batteries .
on High Bus Trickle Charge s M1

TRLY

DEFENSE AND SMCE SYSTLACS GROUP
ONE SPACE PARK= REDONDQ DEACH - CALIFORNIA 0279

INTEROFFICE CORRESPONDENCE

DSCS-C3-484
79-8725.2-068

30 March 1979

C. Lurie
MAIL STA.]406 ExT, 50776

Sverrie pore

The test plan designed to evaluate the performance and capability of Flight
11/12 batteries using high bus trickle charge as the primary charge mode is
attached. The test started in January 1979, and is in progress.

CL:bj
Attachnont
Distribution: E. Kipp B. Alburn
L. Mack E. Ames
P. Ritterman J. Durschinger

D. Rusta_ QY- N. North
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1.0

2.0

3.1.2

3.2

“ BDED % 1 re@ s o SOV OP - P pe e e - CUOBNG IO D IP 4 P BB IS * D S 9B o

Test Plan

Simulation of DSCS-II F11/12 on
High Bus Trickle Charge

Scope

This plan is designed to evaluate the performance and capability of Flight
11/12 batteries using high bus trickle charge as the primary charge mode
during eclipse seasons.

Test Equipment and Confiquration

The batterv, S/N 3-50, P/N 256107-4, shall be mounted on a thermoelectric heat
exchanger as indicated in Figure 1. Baseplate temperatures shall be maintained
at 40+ 3°F throughout the test. An aluminum honeycomb panel shall be placed
between the battery and heat exchanger. 1.06% .03 inches of fiberglass shims
shall be placed between the honeycomb panel and baseplate to effect a simulation

of the predicted orbital battery temperature profile during charge and discharge.

The battery shall be covered with fiberglass insulation and a plexiglass cover
1o isolate it from the ambient environment.

The electrical test configuration is shown in Figure 2. A1l battery discharges
shall be at 6 amperes constant current which simulates a two-out-of-three bat-
tery operating condition. Discharge duration shall vary in accordance with the
simulated synchronous orbit eclipse charge/discharge profile shown in Tuble 1.

Pretest Characterization -

Visual Inspection

The battery shall be checked for physical damage.

Functional Bench Test

The Functional Bench Test shall be conducted in accordance with DR-14C-03,
Revision E.

Eclipse Season Cycling

The test battery shall be subjected to two consecutive eclipse seasons consist-
ing of charge/discharge cycles defined in Table 1.

A1l eclipse season battery discharges shall be 6 amperes constant current.

A3-67




3.2

3.3

3.4

4.0

5.0

Eclipse Season Cycling cont'd.

The battery charge shall consist of trickle charging from a 32.8 volt bus through
a 7-ohm resistor.

Performance degradation during the eclipse season may be evaluated as directed by
the responsible test engineer by extending the duration of any one eclipse dis-
charge (beyond eclipse cycle 26) until the battery voltage reaches 22 volts or any
cell reaches 0.5 volts. The subsequent eclipse discharge shall be omitted to per-
mit adequate recharge before resuming the test.

Solstice Season Reconditioning

The batteries shall be reconditioned after completion of each eclipse season.

The battery shall be discharged into a 200-ohm load until the battery voltage
reaches 12 volts. .

Following reconditioning, the battery shall be maintained on trickle charge until
the start of the next eclipse season. The solstice period shall be limited to only
the time required to perform one reconditioning discharge/recharge cycle.

Post-Test Characterization

A Fusctional Pench Test shall b2 corducted in accordance with DR-14C-03, Revision [.

Test Data Monitoring and Recording

Baltory performance and test conditions shall be monitored continuously by the bat-
tery laboratory Digital Data Acquisition System (DDAS) at the following time inter-
vals:

Test lode Data Sampling Rate

Batiery Charge ' Hithin one minute of start and com-
pletion plus every 10 minutes during
charge.

bBattcry Discharge Hithin one minute of start and cen-
pletion plus every five minutes during
discharge except for reconditioning
discharge where the data shall! be re-
corded every hour.

Battery test parameters are listed in Table 2. A1l parameters shall be monitored -

‘by the DDAS and stored on magnetic tape at the time intervals noted above.
Schedule

Figure 3 is a major task schedule in bar chart form.

A3-68




“Table 1
{ Duration of charge and discharge periods for each cycle of the cclipse scason.
24 Hour Cycle
ﬁﬁggER Charge Time Discharge Time
Hours Minutes Minutes

1 45 23 40 20
-2 44 23 32 28
3 43 23 25 35
4 42 23 20 40
5 41 23 17 43
6 40 23 A 13 . 47
7 39 23 10 50
8 38 | 23 1 07 53
9 37 23 04 56
10 36 23 02 58
n - 35 23 00 60
12 34 22 58 62
13 33 22 56 64
14 32 22 58 66
15 3 22 53 67
16 3 22 52 68
( 17 29 22 5 69
18 2% 22 50 70
19 7 27 50 : 70
20 20 22 49 A
21 25 2?2 49 71
22, 23 | 24 22 48 12




Table 2
( Battery Test Paramcters to be monitored and recorded during test
|
Parameter Number of H
Paramecters
Cell Voltage 22 \
Battery Voltage 1
Battery Current , 1
Baltery Temperatures RT1, RT2 2
Battery Heat Sink Temperature 2
Cycle Time ]
Battery End-of-Discharge Voltage 1
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SUBJECT:

DX TR NNV}

it i/

EFFTNE AND 57 Y%L SV N 1 ARS GIXuP
ONE SPACE Patin~ REQUNUO CEALH » TALFQIINLA 002 28 DSCS _ C 3 _ 4 86

79-8725.2-070
INTEROIMFICE CORRESPONDENCIE

C. Sollo cc: Distribution - oare: 30 March 1979

N,
777 Battery Interim Report - Flight 11/12 High Bus rrom:. C. Luric
Trickle Charge Simulation - Scason 1 oo M1 wac oTa. 1406 ¢y 50776

Sunmary and Discussion

The subject simulation is designed to evaluate the performance and capability
of Flights 11/12 batteries using high bus trickle charge as the primary chavge
mode.

The Scason 1 results indicate that battery performance was reascnably stable
and within specification. The increasing end-of-discharge voltages past mid-
season suggest good response to the charge regime (Figure 2). However, the

 end-of-charge voltages decreased at an almost constant rate during the scason

(Figure 4). The decrcase in voliage may be related to the low recharge ratio
(1.14 for cycle 20) and low charge rate (approx. C/40) used. Accordingly, the
following efforts are planned or under consideration:

/ﬁ A post-midseason capacity discharge could be run to evaluate degradation
of full capacity. ‘

»@ Heat rate measurements will be made at low charge rates.

Yo A parametric test will Le run to determine the relationship between end-
of-charge voltage and rate and end-of-discharge voltage and rate.

Figure 1 - Battery'Test Parameters - Season 1, Cycle 20

The trickle charge regime eliminates overcharge pulses and maintains an average
temperature approximately 10°F Yower than the auto cycling vegime.

Figure 2 ~ End-of-Discharge Voltage versus Cycle Number

The midscason end-of-discharge voltages are approximately 0.20 volts lower than
the comparable auto cycling regime (S/N 3-3 Season 1). The difference is probably
related to the differcnce in charge rates. The increasing post-midseason end-of-
discharge voltages demonstrate that battery performance was not significantly
degraded. Mote that data starts with Cycle 8. Cycles 1-7 were not run.
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Figure¢ 3 - Battery Reconditioning Discharge Voltage Profile
No anomalous features were noted.

Figure 4 - End-of-Charge Voltage versus Cycle Number

The end-of-charge voltages decreased at an almost constant rate during the season.
The decrease, 0.57V, is equivalent to 26 mv per cell. The consequences of the decrec.e
in voltage are not immediately apparent.
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APPENDIX 4

TWO-BATTERY LOAD SHARING TEST SIMULATIONS
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suasect: Test Plan - Two-Battery Load Sharing Test rrom: C. Burie
Simulation for 777 F7/8 Batteries swoc M1 waicsta. 1406 o, 50776

The attached Test Plan is designed to simulate a F7/8 load sharing configura-
tion in which one battery has one shorted cell. The test started in January
1979, and is in progress. Two-seasons are scheduled.
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Test Plan

hr—a

777 Test Batteries S/N 3-36 and S/N 3-43
Two-Battery Load Sharing Test Simulation for 777 F7/8 Batteries

1.0 Scope

This test Plan is designed to simulate a two-eclipse season, Flight 7/8 battery
configuration in which one battery has one shorted cell. The primary mode of
battery charging is trickle charge from a 33.4 volt bus through a 7 ohm resistor.
The two test batteries are to be discharged into a common 325 watt constant power
Joad. Overall battery performance and degree of discharge-load-sharing will be
determined with individual batteries connected either directly to the load or
through one or two diodes.

2.0 Test Equipment and Configquration

T The batteries shall be mounted on a common thermoelectric heat exchanger base-

} plate. Baseplate temperature shall be maintained at 40% 3°F throughout the test.
An aluminum honeycomb panel shall be placed between the batteries and the heat ex-

) i’ changer as indicated in Figure 1. Fiberglass shims shall be placed between the
honeycomb panel and baseplate to simulate the orbital battery temperature profile
observed during Flights 7 and 8. The battery shall be covered with fiberglass

L jnsulation and a plexiglass cover to isolate it from the ambient environment.

r

|

The general test configuration is shown in Figure 2.

Cell 22 of Battery S/N 3-43 shall be shorted.

Batteries S/N 3-36 and S/N 3-43 shall be in parallel for both charge and discharge.
The charge/discharge circuit is shown schematically in Figures 3 and 4.

| 3.0 Procedure

3.1 Pretest Characterization

3.1.7 Visual Inspection

3.1.2 Functional Bench Test

A'Functional Bench Test shall be conducted in accordance with DR-14C-03, Revision E.




3.2 Cycling Plan

3.2.1 Season 1
The test batteries shall be subjected to the following cycling regime:
Cycle No. | Cycling Regime Configuration (Ref. Figure 3)
1 Table 1 Charge
S/N 3-36 - 33.4 volt bus, 7 ohm resistor
S/N 3-43 - same as for S/N 3-36
\/ Discharge
S/N 3-36 - 1 diode between battery and load
29 S/N 3-43 - same as for S/N 3-36
30 Table 1 Charge
g; Same as for cycles 1-29
Discharge
S/N 3-36 - same as for cycles 1-29
S/N 3-43 - 0 diodes between battery and load
33 Fixed Cycle
Charge - 22 Hr. 48 Min, Charge
Same as for cycles 1-29
Discharge 72 Min. Discharge
S/N 3-36 - 2 diodes between battery and load
38 S/N 3-43 - 0 diodes between battery and load
39 Fixed Cycle
Charge - 22 Hr, 48 Min, Charge
S/N 3-36 and S/N 3-43
1) Charge until battery 1) Bus voltage = 32.4v; bus current =
temperature is 5 F 5.0 amps. Short both 7 ohm resistors.
above the minimum re-
charge temperature,
2) When the last battery | 2) Increase the bus voltage to 33.4v
tsmperature increases and remove the shorting straps.
5 F reconfigure as
fndicated,
NS Discharge 72 Min. Discharge
45 S/N 3-36 - 2 diodes between battery and load
S/N 3-43- 0 diodes between battery and load




-

3.2.2

3.3

3.4

4‘0

5.0

Season 2

The test batteries shall be subjected to one eclipse season consisting of
charge/discharge cycles defined in Table 1. The configuration shall be as
indicated in Figure 4.

Solstice Season Reconditioning

The batteries shall be reconditioned after completion of each eclipse season.

Reconditioning shall consist of discharge into a 44 ohm load until the battery
voltage reaches 20v. Two reconditioning cycles shall be performed.

Following reconditioning the batteries shall be recharged at four amperes to the
voltage 1imit and maintained on trickle charge until the start of the next
eclipse season.

The total duration of the solstice season shall be limited to only the time
necessary to complete battery reconditioning.

Post-Test Characterization
A Functional Bench Test shall be conducted in accordance with DR-14C-03, Rev. E.

Test Data Monitoring and Recording

Battery performance and test conditions shall be monitored continucusly by the

battery laboratory Digital Data Acquisition System (DDAS) at the following time
intervals: '

Test Mode Data Sampling Rate
Battery Charge Within one minute of start and

completion plus every 10 minutes
during charge.

Battery Discharge Within one minute of start and com-
pletion plus every five minutes dur-
ing discharge except for reconditioning

discharge where the data shall be re-
corded every hour.

Battery test parameters are listed in Table 2. All parameters shall be monitored
by the DDAS and stored on magnetic tape at the time intervals noted above.

The data shall also be printed on the 1ine printer to facilitate real time
assessment of the results by the responsible personnel.

Schedule

Figure 5 is a major task schedule in bar chart form.

A4-5
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Duration of charge and discharge periods for each cycle of the eclipse season.

*  Table 1

24 Hour Cycle
ﬁlyjlﬁlégk Charge Time Discharge Time
Hours Minutes Minutes
1 45 23 40 20
2 44 23 32 28
3 43 23 25 35
4 42 23 20 40
5 41 23 17 43 -
6 40 23 13 47
7 39 23 10 50
8 38 23 07 53
9 37 23 04 56
10 36 23 02 58
1 35 23 00 60
12 34 22 58 62
13 33 22 56 64
14 32 22 58 66
15 31 22 53 67
16 30 22 52 68
17 29 22 51 69
18 28 22 50 70
19 27 22 50 70
20 26 22 49 7
21 25 22 49 n
22, 23 ! 24 22 48 72




Table 2

[ 2aRY

Battery Test Parameters to be monitored and recorded durirg test

Parameter/Battery Number of
Parameters/Battery

Cell Voltage 22
. Battery Voltage 1

Battery Current 1

Battery Temperatures RT1, RT2 2

Battery Heat Sink Temperature 2

Cycle Time 1

Battery End-of-Discharge Voltage 1
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ALY
sussect:  Final Report - Two Battery Load Sharing Simulation rmom: Cf:fk:?e
for 777 F7/8 Batteries SLDG M1 MAIL su,]405 EXT. 50776

Summary

The subject simulation is designed to evaluate 777 Battery performance
using a configuration in which the load is shared by two batteries, one of
which has a shorted cell. Load sharing was evaluated for configurations in
which the one-cell discrepancy was compensated by 0, 1, or 2 diodes.

Two forty-five cycle real time eclipse seasons were run. The charge/dis-
charge configurations, data, and parametric trends are summarized by the
figures listed in Table 1.

Figure 10 depicts the improvement in load sharing as the voltage imbalance
is progressively compensated by diodes. Average (percentage) lcad sharing
values of 72/28, 66/34, and 51/49 were observed for the 0, 1, and 2 diode con-
figurations run during Season 1.

Operation in the uncompensated configurations e.g., 0 diodes, resulted
in the 21-cell battery (S/N 3-43) receiving a great deal of overcharge and
the 22-cell battery (S/N 3-36) receiving 1ittle or none.

Season 2 was run exclusively with the one diode configuration. The
average load sharing observed during Season 2 was 61/39 percent.

2.0 Conclusions

Operation with 0, 1, and 2 diode compensation modifies load sharing in a
straightforward and predictable manner. The test configuration in which the
load is shared by two batteries, one of which has a shorted cell, resulted in
an average load sharing of 72/28 percent without compensation. Using 2 diodes

) (0.5-0.6V each) to compensate for the single celt difference (~ 1.2V) resulted
(;: in an average load sharing of 51/49 percent.

A4-13
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DSCS-C3-501
79-8725.2-124
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page 2
Table 1
Figure Identification
Battery S/N 3-36 3-43
Season 1 2 ] 2 Description
1 1 1 1 Charge/Discharge Configuration
Figure | Typical Midseason Battery
Number 2 4 3 5 Parameter Profile
' 6 . 8 7 9 End-of-Discharge Voltage Trend
10 n 10 N Load Sharing vs. Cycle Number
. Reconditioning Discharge
2, 13 { 16, 17 {14, 15 |18, 19 | Voltage Profile
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Table 2

Duration of charge and dischafgc periods for each cycle of the eclip

DSCS-C3-501
79-8725.2-124
5 June 1979
page 3

se scason,

24 Hour Cycle

ﬁzﬁkgk Charge Time Discharge Time
Hours Minutes Minutes
1 45 23 40 20
2 44 23 32 28 .

3 413 23 25 35
4 42 23 20 40

5 41 23 17 43 -
6 40 23 13 47
7 39 23 10 50
8 38 23 07 53
9 37 23 04 56
10 36 23 02 58
1" - 35 23 00 60
12 34 22 58 62
13 33 22 56 64
14 32 22 58 66
i 15 3] 22 53 67
“ 16 30 22 52 68
17 29 22 51 69
18 28 22 50 70
19 27 22 50 70
. 20 26 22 49 Al
21 25 22 49 n

22, 23 1 24 22 48 . 72 -
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Operation in the 0 diode configuration (no compensation) suggests that
load sharing imbalances more extreme than the 72/28 percent observed, would
cause degradation due to insufficient charging of the 22-cell battery and
excessive overcharging of the 21-cell battery. One-diode compensation re-
sulted in stable, satisfactory operation during Season 2.

3.0 Discussion of Results

3.1 Season 1

Figure 1 describes the configurations used during the Season 1 evaluation.
Note that S/N 3-43 is a 21 cell battery and S/N 3-36 is a 22 cell battery.

The charge/discharge configuration was varied during Season 1 to evaluate the
following:

e "0" diode case; (no load balancing attempted) cycles 1-29.
e "1" diode case; cycles'30-32

® "2" diode case; cycles 33-45

Charge/discharge durations for Cycles 1-32 simulate eclipse season cycling as
defined in Table 2. A1l succeeding cycles are of fixed duration (charge for
22 hours 48 minutes; discharge 72 minutes). Cycles 39-45 were charged using

a special regime aimed at equalizing the state-of-charge of the batteries. The
state-of-charge dispersion was a direct result of the poor load sharing during
the "0" diode operation. The charge regime consisted of the following:

é Set ;h:vmaximum bus current at 5.0 amperes with a bus voltage set
at 32.4V. i

o Charge until the battery temperatures are 5°F above the minimum re-
charge temperature.

9 When the last battery temperature increases 5%F increase the bus
voltage to 33.4V and remove the shorting straps.

Figures 2 and 3 depict typical midseason voltage, current, temperature vs.
time relationships for S/N 3-36 and S/N 3-43 respectjvely. The poor load sharing
(approximately 70-30) occurring is reflected in the parametric responses.

Ad-16
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e Voltage - The S/N 3-43 battery voltage peaked at about four hours
and fell off to a plateau indicating that it went into overcharge
early in the cycle. S/N 3-36 never did peak and was climbing
sharply at the end of the cycle. S/N 3-36 was probably still accept-
ing charge at the end of the cycle.

® Temperature - The temperature curves are consistent with the above
assumption that S/N 3-43 is fully charged and S/N 3-36 may not be.

® Current - Average charging currents are not significantly different.

Figures 6 and 7 show the end-of-discharge voltage trend with respect to
cycle number for Batteries S/N 3-36 and S/N 3-43.

Cycles 1-29 represent eclipse season cycling (Table 1) with a fixed con-
figuration. Note that the midseason dispersion of S/N 3-36 values is greater
than for the S/N 3-43 case. This is consistent with the previous observation
that S/N 3-43 is receiving considerable overcharge and S/N 3-36 is not.

Prior to Cycle 30 the system was reconfigured to cause S/N 3-36 to have
one diode in its circuit and S/N 3-43 to have none. The S/N 3-36 end-of-dis-
charge voltage increased about 0.5 volts and the load sharing improved.

Prior to Cycle 33 a second diode was added to the S/N 3-36 circuit and the
end-of-discharge voltage increased another 0.5 volt.

The increased scatter of voltages observed with S/N 3-36 may be attributed
to a lower state-of-charge.

Load sharing, represented in Figure 10 as the percent of the load carried
by S/N 3-36, occurred at three levels. These levels correspond to discharge
configurations in which the one-cell difference between batteries is compensated
by 0, 1 and 2 diodes.

With no diode compensation S/N 3-36 carried 70-75% of the load. The addi-
tion of two diodes in the S/N 3-36 circuit compensated for 1.0 volts of the
approximately 1.2 volt difference and reduced the load-share to 50-52%

A4-17
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Figures 12, 13, 14 and 15 depict the reconditioning discharge voltage
profiles observed after Season 1.

The following points are noted:

° Some evidence of second plateau voltage suppression can be seen
during the last 10% of the initial discharges.

® An additional voltage suppressing feature is seen starting at
about 30% depth-of-discharge. Inspection of individual cell
data indicates that the shape change occurred in all cells. The
cause of the shape change is not apparent at present. ’

3.2 Season 2

Season 2 was run exclusively with the one diode discharge configuration
as indicated in Figure 1,

Figures 4 and 5 depict typical midseason voltage, current, and temperature vs.
time relationships for S/N 3-36 and S/N 3-43 respectively. The parametric re-
sponses are generally similar to those observed during Season 1.

e Voltage - The S/N 3-43 battery voltage peaked at about nine hours
into the charge and fell of to a plateau, indicating that it went
into overcharge early in the cycle. During Season 1 an equivalent
peak occurred at about four hours. The displacement of the peak
is explained by the difference in discharge configuration. Cycle
20 of Season 1 was run with no diode compensation; Cycle 20 of
Season 2 was run with one diode compensation.

¢ Temperature - The temperature curves are consistent with the dis-
cussion of the voltage parameter and are similar to the Season 1,
Cycle 20 experience.

e Current - Average charging currents are not significantly different.
Once again this is similar to the Season 1, Cycle 20 observation.

Figures 8 and 9 show the end-of-discharge voltage trend with respect to
cycle number for Batteries S/N 3-36 and S/N 3-43, Direct comparison with
Season 1 data is difficult as only Cycles 30, 31, and 32 of Season 1 were run
with the one diode configuration used throughout Season 2. With the exception
of the Season 1, c§cle 32 data point for S/N 3-36, which appears anomalous,
the curves suggest that the Season 2 data is about 0.1 volt lower than the
Season 1 data.
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Load sharing is presented as a function of cycle number in Figure 11.
Once again comparison with Season 1 data is difficult as only Cycles 30, 31,
and 32 of Season 1 utilized the one diode discharge configuration. Two obser-
vations are made:

e Season 1 (Figure 10) load sharing during the three cycles utilizing
the one-diode configuration was 66/34%. Load sharing during the
same one-diode configuration of Season 2 was 60/40%. Considering
the limited data available no explanation is attempted.

o The shape of the Season 1 and Season 2 curves, during the first
twenty-nine cycles, is similar.

The reconditioning discharge voltage profiles, following Season 2 operations
are plotted in Figures 16 through 19.

The average Preseason 3 reconditioning discharge capacity for S/N 3-36
was 0.4 Ah lower, and for S/N 3-43 0.6 Ah higher, than observed during the Pre-
season 2 reconditioning. This divergence may be related to the different

eclipse season battery parameter profiles (Figures 4, 5) which cause S/N 3-43

‘ to receive a great deal of overcharge and S/N 3-36 to receive very little.
Large amounts of overcharge are known to increase positive capacity and in-
sufficient overcharge can cause capacity loss. This explanation must be re-
garded as speculative at this point as the differences are small and only two
seasons have been run,

CL:bJ
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¢ DSCS-C3-503
INTEROFFICE CORRESPONDENCE 79-8725.2-092
vo: C. L. Stanley cc: Distribution . pave: 2 May 1979
sussecT: Results of bestructive Physical/Chemical rmom: W. R. Scott
. Ana]ySiS of 777 Battery Ce]'ls. ]2 Ah, P/N 8[005, .06 MAIL STA, EXT.
Lots 1, 2, 5 and 6, after Storage M 1406 50776

Reference 1: “DPA of 777 15-Ah Ni-Cd Cells, S/N 127-L01 and 018-L02",
10C #78-8725.2-152, L. P. Mack, 27 July 1978

Reference 2: *"Procedure for Analysis of Nickel-Cadmium Cell Materials",
NASA GSFC %-711-74-279, G. Halpert et al, October 1974

Reference 3: “Results and Discussion of the DPA Procedure for FLTSATCOM
Cells, S/N 035-08 and 047-09", I0C #78-8725.2-008, L. P. Mack,
12 January 1978 .

Reference 4: “Spacecraft Battery.Testing - 4 Year Life", Report #16439-
93-002-601 (DSP), 9 April 1376 .

1. INTRODUCTION

This memo presents the results of destructive physical (and chemical)
analysis of (DPA) of sample nickel-cadmium battery cells, Part No. 8E005,
12 ampere-hour nominal capacity, General Electric Catalog No. 42B012AB24,
Lot Nos. 1, 2, 5 and 6. Lots 1 and 2 were those from which the batteries
; on board 777 flights 7 and 8 were made, whereas Lots 5 and 6 were those
' - from which the batteries on 777 flights 11 and 12 were made. The cells

analyzed had just been removed from cold storage following acceptance
j testing.

The analysis reported herefn was performed in Octbbér 1978. DPA was
not done on the 12 Ah (8E005) cells at the time of receipt of the cells
at TRW (1976) because this procedure had not been instituted for the 777
program at that time.

DPA had becn performed on two lots of 777 15 Ah cells, P/N 8€009, Lot
Nos. 1 and 2, immediately following acceptance testing, fn January 1978.
This analysis was done at that time because the procedure had been estab-
lished at the time these cells were recefved (late in 1977). The results
of this analysis are described in Reference 1. Note that there are Lot

Nos. 1 and 2 for both 12 Ah (P/N 8E005) and 15 Ah (P/N 8E009) cells. This
is because the cell manufacturer ser}ﬁ;izes each different type of cell separately.
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2. GENERAL PROCEDURE AND SAMPLING

Three cells from each of four lots of 8E005 cells on hand were opened
and all plates an& separators from these cells were visually inspected. Then
ten positive plates, ten negative plates, and ten separators from each
lot (five positives, negatives, and separators from each of two cells from
each lot) were further tested and analyzed. Characteristics determined were:

Visual appearance of plate surfaces and separators.

Thickness of plates.

Electrolyte analysis of plates and separators.

Nickel active material and metallic nickel in positive plates.
Cadmium active material and charged cadmium material in negative plates.

Nickel and cadmium in the separators.
Details of analytical methods used are given in Reference 1 and 2.

In addition, a number of positive and negative plates were taken
from these cells and subjected to electrochemical stress testing in
excess electrolyte. The results of this testing is described in a
separate report.

( "3. RESULTS OF DPA

3.1 Visual Inspection

3.1.1 General Observations

The general appearance of the cell terminals, plate tabs, and outside
surfaces of the plate packs was normal for General Electric cells. The
degree of "wetness" (amount of electrolyte in the pores of the plates and
separators) observed during separation of the plates also appeared in the
normal range, with some areas of negative plates appearing quite dry (as
often seen in G.E. cells).

3.1.2 Negative Plates

The texture and general condition of the negative plate surfaces were
about as usually seen in G.E. cells. A light deposit of very small crystals
: of Cd(OH)2 was seen under the stereo-microscope (20 to 60 x) on most of the
' negative plate surfaces. The appearance of the surfaces was not uniform,
ﬁ however, with respect to color, brightness, and occurrence of Cd(OH)z
deposits. Most plates showed variations from 1ight, silvery appearance

(:) with 1ittle or no visible deposits (usually near the top of the plates) to
| 4'; a darker, dull appearance with deposfts (usually near the bottom of the
‘ tff. plates). These variations appeared to correspond with a relatively low
o AS-3
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electrolyte content near the top and to a relatively high electrolyﬁ%pe
content near the bottom. This effect has been seen in other G.E. cells
opened in the past, but since the appearance is difficult to quantity,
it cannot be said whether the degree seen in these cells was greater or
less than "normal"”. '

3.1.3 Positive Plates

The positive plates showed a greater variety of features than did the
ncgative plates, as is usual. A majority of the positive plates from all
lots showed at least one and usually many round black spots ranging up to
1/4 inch in diameter. Some plates showed irregularly-shaped small black
areas, referred to as "black specks". Others showed dark brown to black
parallel bands running straight across the width of the plates. Still
others (less numerous) showed areas covered with a layer of black material
that appeared to have been spilled or splashed onto the surface. These
features occur frequently on positive plates made by G.E. and are thus
considered "normal" for G.E. cells.

Several other features that were not considered normal were observed
on some of the pos”:ive plates. The nature and frequency of occurrence '
of these is summarized in Table 1. Definitions of the names given to
these features are given at the bottom of the table.

Only one of the types of special features shown in Table 1 was
investigated further within the scope of the DPA. One of the plates
having black spots was dried, encapsulated in epoxy resin, and sectioned
through a "black spot". A photograph of the resuit is shown in Figure 1,
wherein the section is tilted at an angle to show the spot on the original

* plate surface. Note the non-uniform distribution of nickel active material

(black color) in the cross-section of the plate, and the relatively intense
black color under the spot itself. A close-up view (75 x) of this section

is shown in Figure 2. The non-uniform distribution of active material may

be seen here also at the micro level. - '

A5-4
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)
)
/
)

FIGURE 1. SECTION THROUGH BLACK SPOT ON
A POSITIVE PLATE (12X)

FIGURE 2. METALLOGRAPH THROUGH BLACK SPOT
ON POSITIVE PLATE (75X)
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3.1.4 Separators

The separators appeared generally normal. However, dark (dark grey to black) spots
were seen on at least one bag from each cell inspected. Spotting was most frequently
along the top edge of the plates, just outside of the plate boundary. Other spots
occurred along the long edges and along the bottom edges of the plates and in contact
with black areas in the main surface of the plate. Under the microscope these spots
on the separator appeared "oily" and appeared to have partially penetrated into the
scparator fabric. No complete penetration of the separator layer was seen. The black
material has not yet been positively identified. A preliminary qualitative analysis
done by Flectron Microprobe indicated the presence of both cadmium and nickel.

3.2 Plate Thicknesses

Average thickness per plate for positive plates ranged from 0.027 to 0.029 inch
(raised spots and bumps excepted). This thickness is normal for G.E. positive plates
after acceptance testing, during which a thickening of the order of 10 percent from the
original range of 0.026 to 0.028 is usually observed. Average thickness of negative
plates ranged from 0.031 to 0.033 inch, indicat%ng essentially no change during accept-
ance'testing, as expected.

3.3 Electrolyte Content and Analysis

ﬁlectrolyte contents (as measured by the weight of water soluble material extracted)

were as shown in Table 2. These values compare favorably with values seen in other G.E.
cells with similar histories (References 1, 3 and 4).

Hydroxide apd carbonate concentrations, obtained from electrolyte extracted from
the components, are shown for each 1ot in Table 3. The levels shown, and the ratios
of carbonate to hydroxide (carbonate concentration 8-12 percent of hydroxide) are in
the normal range.

3.4 Positive Plate Chemical Analysis

*3.4.1 Total Nickel Active Material Content

Values for total nickel active material (i.e., the sum of charged aﬁd discharged
nickel compounds, not including metallic nickel) are shown in the first column of

Table 4. Each value shown is for plates from an individual cell as shown. Those values

below 12.5 g/dm2 are below normal.
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Table 4 Positive Plate Chemical Analysis Data |
Equivalent f
Total Theoretical Ratio of 1
Nickel Positive ’ Nickel Metal ,
Active Capacity Metallic to Nickel
Cell Lot/ Mater al(]) Per Cell N1cke} (2) Active
Serial No. (g/dm_) (Ah) (g/dm") Material 1
Lot 1-185  12.45 20.21 7.81 0.629 ‘
-222 12.32 20.00 7.80 0.633 %
Lot 2-072 13.54 21.98 7.26 0.535 ;
Lot 5-049 11.66 18.93 7.3 0.625
-127 13.37 21.70 ~7.89 0.592
Lot 6-063 11.75 19.07 7.09 0.602
-096 12.30 19.97 7.13 0.578
(1) Calculated as Ni(OH)2 (2) calculated as Ni
' Table 5 Negative Plate Chemical Analysis Data
Residual Equivalent
Total Equivalent Charged Residual
Cadmium Theoretical Cadmium Charged
Active Negative Active Capacity
Cell Lot/ Materjal(y) Capacity Materjal(1)  Per Cell
Serial No. (9/dm") (Ah) (g/dm°) (Ah)
Lot 1-185 16.17 37.8 2.4 5.6
-222 16.75 39,2 4.3 10.1 L
Lot 2-072 16.50 38.6 0.8 1.9
158 17.26 40.4 1.4 3.3
Lot 5-049 16,18 37.9 3.0 - 7.0
-127 16.72 . 39.2 1.2 2.8
Lot 6-063 17.49 40.9 2.1 4.9
-096 _ 16.69 39.1 1.0 2.3
§ (1) Calculated as Cd(OH),
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3.4.2 Metallic Nickel Content

Values for metallic nickel in the sintered matrix are shown in Table 4 for a
number of individual cells. These values do not include the nickel plating on the
substrate. Since the nickel content of the sinter of this plate material prior to
impregnation is about lOg/dmz, the values in Table 4 imply 20 to 30% loss of nickel
by acid attack during impregnation. Little data on this characteristic is available
for comparison.

The ratio of metallic nickel to active material in the sinter is shown at the

'right in Table 4. The cell manufacturer has stated that the inherent strength of the

sinter is a function of this ratio.

3.5 Negative Plate Chemical Analysis

3.5.1 Total Cadmium Active Material Content

Values for total cadmium active material (charged + uncharged) are shown in Table
5. These values are close to that specified by the manufacturer for this plate material.

3.5.2 Residual Charged Cadmium Content

Values for the content of charged cadmium remaining in the negative plates at the
time the cells were opened is shown at the right in Table 5. Theoretically the residual
charged negative capacity in these particular cells should be equal to the total pre-
charge factive plus inactive), as these cells had not been discharged below zero volt be-
fore the analysis for charged cadmium was performed.* For these cells total precharge
should have been 6-8 Ah. One cell (Lot 1-222) was thus quite high, and four out of
eight were low. These low values were not uncxpected because it is known that lTow re-
sults are often obtained where this analysis is performed before the cell has been
electrochemically discharged down to -0.5 or -1 volt. Thus the results of the negative
plate analysis on these cells show no abnormalities. '

3.6 Analysis of Separators for Included Nickel and Cadmium

Several representative separator hags, some containing black stains as described
in Section 3.1.4, were analyzed for nickel and cadmium content as follows: FEach bag

.. was brushed free of loosely adhering particles, then placed in a small beaker containing
-50 m1 of 2N hydrochloric acid and allowed to soak for 30 minutes or until all colored

material had been removed from the separator,

*The analysis was purposcly abbreviated relative to that normally done on newly-received

cells, as a detailed analysis of the state-of-charge of the negative electrode was not
required under the circumstances. A5-11
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The solution was decanted away from any insoluble material. Ten ml of 1.1
of nitric acid was added to the beaker and heated to boiling to dissolve any
residue. The two solutions were then combined and diluted to 100 ml. This
_ final solution was analyzed for Ni and Cd by the Atomic Absorption method.
The results are shown in Table 6.

Table 6 - Nickel and Cadmium Contents of Separators

Nickel Material Cadmium Material
Lot Number (as g Ni(OH), per bag) (as g Cd(OH), per bag)

1 0.0017 - 0.0038 0.028 - 0.034
2 0.0034 - 0.005 0.034 - 0.045
5 0.0032 0.022
6 0.003 0.035

The total area of separator material (one thickness) per bag is 1.17 dn?.

Thus the above figures are approx. the average concentrations per dm2 of

separator. No data base exists for nearly-new cells from which these

values may be judged. The concentrations shown for nickel are an order

of magnitude lower than those found in one cycled ce1l.(1)whereas those

shown for cadmium are about half of those found for a cycled cell (1)
It must be noted that most of the nickel and/or cadmium material in

these separators was located in less than 10 percent of the total separator

area. Hence the concentration in these local arcas must have been an

order of magnitude greater than the average values shown in Table 6.

The consequences of these deposits are not known at this time.

(1) "Low Earth Orbit Battery Development Project", AFAPL-TR-72-60,
C. E. Maiden et al, July 1972, pp. 285-297.
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4. DISCUSSION

4.1 Visual Features

4.1.1 Visual Effects on Negative Plates

The only visual effect of concern on the negative plates was the uneven
distribution of wetness and corresponding uneven distribution of evidence of
activity on many -negative plates. This phenomenon indicates that the cell
current was flowing through a plate area smaller than the total apparent
plate area, and thus the current density in the active areas was higher than
necessary. Although no significant affect on electrical characteristics
attributable to this phenomenon has been identified, there could be local-
ized areas in these cells where current density is much greater than the
average, thus overstressing the plates during overcharge even at rates that
are pressured "safe" on a cell-average basis. Thus more attention should be
given to assuring that the electrolyte becomes evenly distributed over all
the plate area early in life of the cells,

4.1.2 Visual Effects on Positive Plates

The various black features on positive plate surfaces indicated as
"normal" in Section 3.1 are the result of the cell manufacturer's
interpretation and his method of compliance with his standard Manufacturing
Control Document (1MCD) which was used for the cells. Although we have
been concerned for many years about the possible long-term deleterious
effects of these black deposits, we have had no proof that they are a
potential problem. Thus, in spite of our reservations we had approved
G.E.'s standard MCD which allows certain black features up to certain
levels of size, intensity, and frequency.

The features summarized in Table 1 Sre not covered by existing
descriptions and criteria in G.E.'s standard MCD, either because they
have not occurred frequently enough to be recognized, or they do not
appear at all in plates at the point in their history when they are
inspected during cell manufacturing. Because of this, a number of examples
of the different features in Table 1 were shown to and reviewed with
General Electric representatives. '

AS5-13
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The latter took the position that all the plates in question were of

"aerospace quality" and should not result in cell failure. TRW does

not necessarily agree with the assessment of G.E., and hence further test-

ing is called for to attempt to resolve this issue.

Results of plate stress tests to date show that some black spots and
deposits of surface hydrates do, under flooded and unsupported conditions,
produce lumps, blisters, and plate distortion, and hence may lead to cell
shorting. Such effects have not yet been observed in sealed cells (under
normal compression), however.

4,1.3 Visual Effects in the Separators

The black deposits seen in the separator, if they prove to contain posi-
tive plate material could possibly result in shorting paths if they penetrate
the separator. Hence the mechanism of their formation and development bears
further investigation. Such an investigation was beyond the scope of this
DPA, however,

-4,2 Chemical Analysis of Plate Materials

4.2.1 Analysis of Positive Plate

The below-normal values of total nickel active material found in some
cells are of no known concern, for, as may be seen by the theoretical positive
capacities shown in Table 4, all cells have a significant excess of positive
active material over the measured 15 Ah of electrochemical capacity. Also,
the fact that the measured capacities of these cells were more uniform than
the analysis values suggests that the chemical analysis itself may have intro-
duced some variability in the results for some samples.

The degree of acid attack on the nickel sinter (during impregnation) indi-
cated by the residual nickel shown in Table 4 (20-30 percent) is larger than
desirable for highest reliability for long life applications. However, no quan-
titative relationship has been established between acid attack and plate in-
tegrity. It is of interest to note that the weight ratios shown to the far
right column of Table 4 correspond to volume ratios in the range of (1 vol.
Ni/3.7 vol. Niox) to (1 vol. Ni/3.1 vol. Niox) based on a bulk density of 4 g/ml
for nickel active material.

AS5-14
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4.2.2 Analysis of Negative Plate

The data for total cadmium and excess charged cadmium in Table 5 all fall
within the normal, expected ranges. The relatively low values for excess
charged cadmium in some cells resulted from inadvertent exposure of the nega-
tive electrodes to air during processing, whereby cadmium is chemically "dis-
charged" by reaction with oxygen. Excess charged cadmium was not considered a
key parameter at the time of these analyses, and so these values were allowed
to stand. Note that no flooded electrode capacity measurements were made as
part of the DPA reported herein.

4.3 Nickel and Cadmium Content of Separators

From the appearance and analysis of the dark deposits found in the separa-
tors of some of the cells inspected (See Section 3.1.4), the deposits were
primarily loose negative (cadmium) plate material, but not of the type produced
by the usual form of "cadmium migration" produced by cycling. Instead the
material appeared to have come off the surface or out of the pores of the nega-
tive plates in the form that it exists in new plates, i.e., microcrystalline
Cd(OH)2 mixed with nickel powder. This type of deposit has not been noticed
before in other cells with this same prior history. However, in these prior
inspections the separators had not been examined as carefully as in the present
case. Furthermore, careful inspection of separators from some FLTSATCOM cells
recenily subjected to DPA has revealed similar spotting. Hencc the 777 cells
are not unique in this respect.

The consequences of these deposits are not known at this time. The fact
that the heaviest deposits -are outside the plate stack and hence not between
the plates may suggest that they will have no impact on cell reliability. To
date, a number of cells from thesc same lots have been subjected to considerable
cycling in ground testing. Additional DPA of some cycled cells may shed more
1ight on this question.

5. CONCLUSION
Although many of the cells inspected from Lots, 1, 2, 5, and 6 showed

~ visual features that were unusual and which were considered generé11y undesir-

able, nothing was found that could be said to lead directly to rapid degradation
and/or shorting under 777 orbital operating conditions. More valuable informa-
tion is to be expected from DPA of cells after cycle testing.
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Abstract

A 12 ampere-hour sealed nickel-cadmium spacecraft cell that had shorted
during accelerated testing was subjected to destructive analysis to
determine the nature and possible cause of the short. Several uncon-
ventional procedures were used during the analysis, including measure-
ment of impedance between individual pairs of plates, and encapsulation
and metallographic sectioning of the shorted plates.

The point of the short was indicated by the damage produced by the energy
: of cell discharge. Sectioning showed that the short actually involved

three plates: two positive and one negative plate between. The damage at
: the point of shorting was so severe that no evidence remained to show the
original cause or mechanism of shorting.

WRS:bj

j
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Results of Destructive Analysis of Shorted
Cell P/N 8E005, S/N 171-L01 (DSCS Program)
Prepared by: W. R. Scott
Reference: 10C 79-8725.2-129 (DSCS-C3-504), "777 Program, Cell
Characterization and Overcharge Test", C. Lurie to
C. Sollo, 23 May 1979
1. INTRODUCTION
This report describes the results of a destructive analysis of a nickel-
cadmium cell that failed by shorting during an electrical test being performed
in connection with the 777 Spacecraft 7 and 8 battery anomaly investigation.
The test leading to this failure is reported in the reference. The cell in
question was a General Electric 12 Ah cell, GE Catalog Number 42B012AB24, TRW
Part No. 8E005, Serial Number 171-L01 (i.e., Lot No. 1).
{ 2. APPROACH AND PLAN

An approach different from that normally used with shorted cells was con-
ceived for this cell.* In order to attempt to preserve the structure of the
short as much as possible and to characterize the shorting path with respect
to involvement of both the positive and negative plates in their original spatial
relationship, the plates actually involved in the short per se were not separated
from each other, but instead were encapsulated in a resin and cross-sectioned to
examine the shorting path. Prior to opening the cell, however, the electrical
nature of the short was carefully tested to determine whether the short was
truly ohmic or not. The following outline Jists the steps by which the overall
analysis was carried out:

*A survey of several organfzations throughout the country that had dealt with
shorted cells indicated that normally all the plates within the cell were
physically separated and that the thereby exposed surfaces were inspected to

o locate and describe the short.
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a) Test cell for I-V characteristics of short.
b) Cut case walls.
¢) Cut plate tabs and locate individual shorted plates.

d) Remove plate pack from case constraint and remove non-
involved plates from pack.

e) Encapsulate the plates including the short.

f) Prepare and characterize a number of cross-sections in the
vicinity of and through the location of the shorting path.

3. RESULTS

The following sections describe the methods used for and the findings of
the steps listed above.

3.1 Electrical Testing of the Short

The resistance of the short was measured accurately and the nature of this
resistance (i.e., ohmic or non-ohmic) was determined as follows: With the large
cell faces under constraint (clamped), a precisely measured, variable current was
passed through the cell (from terminal to terminal), in each direction, while
the resulting terminal voltage was measured. The current was varied from zero
to + 0.4 amperes. The I-V data pairs were then plotted and the slope of the best
best 1ine through the data was taken as the resistance. This plot is shown as
Figure 1. Note that all of the points fell on a straightfﬁibsing through the
origin, indicating a true ohmic resistance. Other indicators of an ohmic resis-
tance noted were that the voltage changed immediately to a stable, final value
each time the current was changed, and that the voltage immediately dropped to
less than 0.0000 volt each time the current source was disconnected. As may
be seen from Figure 1, the measured resistance of this cell was 8.0mq.

3.2 Cutting the Case Walls

The case walls were cut in three places. Cutting was done using a 6" diamond-
tipped cut-off wheel. This type of cutting tool was used because it was felt
that it would produce less vibration (1ikely to disturb the short) than would the
steel cutting wheels normally used to cut cell walls.

AS5-18
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The three cuts were made all the way around the four sides of the cell at
three places: just below the cover plate, one-half inch below the uppermost
cut, and just above the cell bottom plate. The bottom was removed, as was
the strip of wall material between the two upper cuts; thus revealing the
plate tabs. At this point it was seen that the separator material appeared
to be missing between the plate tabs for the plates in the center of the
plate pack. The resistance of the cell was re-checked at this point and
found to be still 8 mq and ohmic. ‘

3.3 Cutting of Plate Tabs and Location of Shorted Plates

To facilitate inspection of the tab area and ctutting of tabs, the plate
pack (and cover) was pushed upward with respect to the remainder of the case by
about one inch. Photographs of the open portion of the cell from the four sides
are shown in Figures 2 through 5. Note that the separator material is not visi-
ble around two of the centermost positive plates on the positive plate tab end
(Figure 4) and around four of the centermost positive plates on the negative
plate tab end (Figure 5).

While continuously passing 100mA between the cell terminals and measuring
the terminal voltage (to monitor the resistance characteristic), the plate tabs
were cut through for one plate at a time, starting with the outside plates and
working toward the center of the plate pack. Only the negative plate tabs were
cut at first. No change in voltage was seen after the tabs of the first six
negative plates counting from the side facing the viewer when the positive ter-
minal is toward the left (designated plates N-1 through N-6), were cut. Also
no voltage change was seen when the tabs of plate numbers N-12 through N-8 were
cut (working inward from the opposite side).

At this point cutting of positive plate tabs was begun. No change was seen
after cutting the tabs of the first five positive plates, designated plate num-
bers P-1 through P-5, and of the first four on the opposite side, designated P-11
through P-8. This was as expected from the results of cutting the negative plate
tabs. However, when the P-7 tab was cut, the measured terminal voltage increased
by about 50 percent. Finally, when the tab of plate P-6 (the last remaining un-
cut positive plate) was cut, the circuit was open, as expected. Hence the short
appeared to be between plates P-6 and N-7, with some participation by plate P-7.
The orientation of the group of plates of interest is shown in the diagram of
Figure 6.
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This was verified by connecting current and potential leads directly to
the tabs of plates P-6 and N-7, whereby a resistance of 12 mo was measured.
A similar measurement between the tabs of P-7 and N-7 gave unstable voltage
readings at 100 mA, with the voltage increasing relatively rapidly but not
instantaneously to about 400 mV with current on, and decreasing rapidly to
100 to 200 mV with the current off. Thus this contact was non-ohmic.

3.4 Removal of Plate Pack and Non-Involved Plates

Using a special ram made by cutting a block of bulk teflon to a size that
just fit into the inside of the case at the open bottom end, the plate pack was
pushed out the top end of the case. During this operation the resistance bet-
ween plates P-6 and N-7 was monitored, and was found to not change appreciably
from 12 mq during removal of the plate pack.

While continuing to monitor the resistance between plates P-6 and N-7, the
outer plates were separated as follows: Using an electrically-heated knife,
the side and bottom edges of all separator bags were cut open. Each successive
plate was then carefully lifted, starting at one correr, until free. Separators
were found all to be adhering to the adjacent negative plate surfaces. Hence
the surfaces of the positive plates were immediately exposed as the negative
plates were removed.

No unusual features were seen on the plates during the above process until
reaching negative p1ate N-4, on one side of the shorted plates, and negative
plate N-9 on the other side of the shorted plates. Beginning with N-4 and con-
tinuing through N-9, separator material was missing from both upper corners of
each plate, with the appearance that the separator had been melted or burned
away from these areas (see for example Figures 7 and 8). 1In addition, a round
hole was seen in the separator on both faces of negative plates N-6 and N-8,

One face of each of these plates is shown in Figures 7 and 8. During separation
of negative from positive plates it was noted that separator materfal was stuck
to the adjacent positive plate surface around the perimeter of these round spots.
Corresponding burned-looking spots were evident on the exposed faces of positive
plates P-6 (Figure 9) and P-7 (Figure 10). It was surmised that the position of
these spots was the position of the shorting path.
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At this point plates P-6, N-7, and P-7 had not been separated. In view
of the inconclusive indication of a short between plates N-7 and P-7, the
adherence between these two plates was tested and found to consist only of
the sticking of separator material around the "burned" spot, as had been ob-
served between plates P-6 and N-6, and between plates P-7 and N-8. Therefore
plate P-7 was removed from plate N-7 leaving plate P-6 attached to plate N-7.
The face of plate P-7 that previously had faced plate N-7 is shown in Figure 11.
The negative plate (N-7) and separator layer that had faced plate P-7 are shown
in Figure 12.

Enlarged views of the "burned" spots on several of these plates are shown
in Figures 13 through 17. The pairs of photographs in Figures 13/14,
and 15/16 show spots that faced each other in the pack. MNote the wide range of
morphology and color shown by the affected areas. Analysis of several points
within the perimeter of the spot shown in Figure 15 using the Electron Microprobe
gave results for nickel, cadmium, cobalt and iron ranging from low (i.e., 1 to 5
percent) to high (i.e., 10 or more percent) depending on just which point was
being contacted with the electron beam.

3.5 Encapsulation of Plates P-6 and N-7

The shorted plates P-6 and N-7 were washed free of KOH with distilled water
and then dried in a stream of N2 gas at 50°C. The plate pair was then encapsu-
lated as follows: The plates were placed oriented vertically in a section of
lucite tubing 3 inches in inside diameter and 3 inches high. Most of the void
space inside the tubing was filled with sections of 1 inch plastic tubing pre-
filled and cured with casting resin. A thermocouple was located close to the
plate specimen aﬁd the remaining void volume was filled with epoxy casting resin
(room temperature setting type). The highest temperature recorded by the thermo-
couple during curing was 130%F.* A photograph of the fixture after curing is
shown in Figure 18. After encapsulation in this manner the resistance between
the two plates had increased to 30 mqe. The large cylinder was then cut perpen-
dicular to its axis at two points, one on each side of the "burned" spot. A
photograph of the resulting section of the cylinder, looking perpendicular to the

*The details of the above procedure were worked out in advance in a rehersal run
with some non-critical plate samples.
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encapsulated plates, and showing the "spot" as seen through the transparent
resin, is shown in Figure 19,

3.6 Sectioning of the Shorted Plate Specimen

The encapsulated mounting of plates P-6 and N-7 was ground in a plane nor-
mal to the plane of the plates, and this plane was moved in the direction of
the center of the 'burned'spot. At certain points (described below) the ground
surface was polished and the result viewed under the microscope.

The first set of such views was taken at what is designated as Section I.
This section was just inside the tangent to the round "burned" spot, and was
studied because it intersected a relatively large particle between the plates.
Figure 20 is a view looking obliquely at the polished surface, and shows the re-

‘mainder of the "spot" behind the polished edge of the (upper) negative plate.

No separator was visible between these plates at the location of the spot. The
particle may be seen toward the right in the dark band between the plates. A
metallograph image of the "particle" is shown in Figure 21. This particle and
the adjacent positive and negative plate cross-sections were analyzed for nickel,
cadmium, and cobalt and certain other elements by the Electron Microprobe. The
level of cadmium in the particle was very low, but was also very low in the neg-
ative (cadmium) plate adjacent to the particle. Furthermore, the particle con-
tained no cobalt, the negative plate contained no cobalt, and the positive plate
contained cobalt as expected (as cobalt is added to the positive plate during
impregnation). Thus the particle was judged to have come from the negative
plate. Up to this point no gaps had been seen in the negative plate from which
such a particle may have come, although such may have been missed due to limited
visibility while grinding.

The electrical resistance from point to point within the particle and that
between the particle and each of the plates was measured using a low-resistance
ohmmeter and microprobe contacts. The resistance within the particle was in the
range from 0.2 to 1.5 ohms, while that from the particle to either plate was
greater than 1000 ohms, which was the upper limit of the instrument used. Thus
this particle was not the cause of the short between the plates.

Continuation of grinding toward the center of the "spot" revealed several
other smaller particles between the plates. One of these, located at a point
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about 1/4 inch from the center (designated as Section I1) is shown in Figure 22.
This particle was colored orange-red, and clearly did not contact both plates.
No analysis was made at this point.

At the approximate center of the "burned" spot, designated as Section III,
considerable damage to the plates was evident, and considerable debris was seen
between the plates, but no obvious shorting path was apparent. See Figure 23.
Note that the microstructure of the sinter of the negative plate toward the
right in this photograph is considerably different from that of normal negative
plate sinter seen at the left, and that the sinter of both plates is cracked
and pulling away from the substrate (grid) in this area.

Another particle of significant size, but not large enough to contact
both plates, was found at a section just past the center of the spot (designated
“as Section IV). This particle is shown toward the left in Figure 24. A photo-
graph of this section under the metallograph (with a much shallower depth of
focus than in Figure 24) is shown in Figure 25. The image in Figure 25 is
transposed 1eft to right relative to that in Figure 24. Here the degree of de-
- composition of the negative plate sinter at this point is more obvious. From
these photographs it was concluded that the particle came from the negative
plate; however no material analysis was performed.

As grinding continued beyond the center of the "burned" spot, a relatively
large particle was encountered which appeared to bridge the gap between the
plates (designated Section V). Figures 26 and 27 show two views of this sec-
tion taken with an ordinary camera, while Figures'28 and 29 were taken with the
metallograph (images transposed left to right relative to Figures 26 and 27).
The particle does not appear to be as large, compared to the space between the
plates, as it does in Figures 26 and 27. This is because only the material in
the plane of the section shows in the metallograph, whereas in Figures 26 and
27 one is able to see through the polished surface of the resin and hence to
see the bulk of the particle located behind the section plane. Note in Figure
28 the missing piece of the negative plate sinter (center photo).

A set of point-to-point resistance measurements was mode on the surface
of Section V, as follows:
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Point A

Positive Plate Sinter
Negative Plate Sinter
P-6 Sinter
P-6 Sinter
N-7 Sinter

Point 8

Positive Plate Sinter
Negative Plate Sinter
N-7 Sinter

Particle

Particle

Resistance (ohms)

0.5-2.5 (range)
0.1-0.3 (range)
1.1
1.0
1.0

Note that the plate to plate resistance measured was 1.1 ohms compared to the
0.03 ohms measured from tab-to-tab before sectioning was begun. This apparent
increase is probably due to the relatively high resistance of the microcontacts
involved in the measurements.*

The data above show that the resistance between the particle and either
plate is the same as that from plate-to-plate. Hence the particle must be in
electrical contact with one or both plates. It could not be said at this point
that this particle was contacting both plates, because the combination of (1) this
particle's contacting one plate only, and (2) the presence of another (as yet
undetected) low-resistance short would produce the results in the table above.

Section V was further characterized by Electron Microprobe analysis.
Figures 30 and 31 are scanning EMP intensity images for nickel and cadmium
of the particle and its immediate surroundings. The shape and topography of the
particle in Figure 30 are seen to correspond to those in Figure 31. The strong
response for nickel is from the nickel sinter. The dark spots are voids or in-
clusions of non-nickel material. The bright band at the bottom of Figure 30 is
the positive (nickel) plate.

The cadmium intensity image in Figure 31 shows that cadmium existed in the
particle area only in a few spots. Comparison of these spots with Figure 29 shows

*The instrument used was equipped with separate current and potential leads out
to near the tips of the probes. Current and potential paths were then merged
into a single probe for each polarity. Hence test current flowed through the
contacts across which the voltage was measured..
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these spots were inclusions of material (black-appearing in Figure 29) that

are not the same as the material of the particle as a whole. This "black"
material (Figure 29) is cadmium hydroxide that had crystallized on the sur-

face of the negative plate during electrical cycling of the cell before failure.
Thus no significant indiginous cadmium was found in this particle. Similarly,
the cobalt intensity image (not shown) revealed no significant cobalt concentra-
tion in the particle. The Tow level of cobalt detected in the positive plate
was unexpected. It was subsequently discovered that the EMP instrument was not
functioning properly during the preparation of the cobalt image, and hence these
cobalt data are questionable.

Analysis by EMP line scan proved to be more productive., Simultaneous scans
for (a) cadmium and cobalt and (b) nickel and cadmium were made in a direction,
normal to the plane of the plates and through the particle cross-section. As
shown in Figures 32 and 33, nickel content was high in all sintered material
scanned; cadmium content was very low in all sintered material (including that
portion of the negative plate scanned); and cobalt content was relatively high
in positive plate sinter but neglible in the particle. The peaks of cadmium
intensity seen correspond to the location of pre-formed cadmium hydroxide crys-
tals and not to high concentrations of cadmium in the sinter matrix. This in-
formation indicates that the particle came from the negative {cadmium) plate.

After the above-described characterization of Section V, grinding and
polishing was continued to examine the bridging particle further. This process
culminated in the final section, designated Section VI, at which point the two
plates were no longer shorted. The specimen was then ground at 90° to the pre-
vious section until particle was intersected by the new section. Metallographs
at the corner of intersection are shown in Figures 34 and 35. The physical
analysis was concluded at this point.

4. DISCUSSION

The evidence presented above clearly shows that the particle found between
the two plates of the specimen at metallographic Section V (and VI) was producing
a short between plates P-6 and N-7, and that this shorting path was the main
source of the shorted condition of the cell at the time it was opened for analysis.
However, there was also some degree of shorting initially present between plates
N-7 and P-7.
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A review of all the microphotographs taken during the sectioning of encap-

i sulated plates P-6 and N-7 shows no evidence that a large current (such as

\ must have flowed when the cell first discharged after shorting) had flowed fron
negative plate N-7 to positive plate P-6, as no damage to the surface of P-6
closest to N-7 was seen such as might be caused by the shorting current. It is
particularly noted that none of the particles seen between plates P-6 and N-7
appear to have been the path of a large current, inasmuch as the points of con-
tact between these particles and the plates show none of the affects to be ex-
pected (e.g., structural damage, fusion, etc.) from the high temperature generated
by 12R heat dissipation.

On the other hand the larger particles appear to have broken off of the
sintered surface of negative plate N-7 and became wedged between the two plates
sectioned together. 1t is postulated that the particles broke off because of
stresses produced by high temperature in the negative plate. The cause of this
high tempcrature was the initial discharge current of the charged cell, but the
discharge path was not to plate P-6.

Note in Figures 20, 22, 23, and 24 that there is a lump of materiai near
{ the center of "burned" spot and on the face of plate N-7 opposite from plate

P-6. The thickness of this buildup is about equal to the separation distance
between plates in the original cell. Note furhter from the photographs in
Figures 15 and 16 that considerable structural damage has occurred to positive
plate P-7 in the "burned" spot, especially near the center. From these obser-
vations it is deduced that the original short occurred between plates N-7 and
P-7, and not between plates N-7 and P-6. The high local temperatures produced
by the rapid discharge through this original short then produced the variety
of secondary effects observed during this analysis, including the ejection of
negative plate sinter particles from the face of negative plate N-7 opposite
from that involved in the original shorting path.

The intense heat of the rapid discharge left the original discharge path
structurally weak and with a high resistance compared to the resistance of a
piece of relatively undamaged negative plate sinter such as was found wedged
between plates N-7 and P-6. Thus the investigation became diverted to uncover
the source of the latter, low-resistance path. The energy involved in the
. original discharge also obliterated any evidence that might have indicated what
(;" the underlying cause was for the short and its development mechanism.
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After the sectioning of the encapsulated plates (described above)
had been completed and the above conclusions drawn, the burned spots on
the two faces of plate P-7 was re-photographed at higher magnification
than before. The results are shown in Figures 36 and 37. It may be
seen that some of the sinter was missing from the center of the spot
at the time these photographs were taken, The missing material was very
fragile and disintegrated during storage. The surface of the grid there-
by revealed on Face 1 of this plate shows many tiny pits. This condition
suggests that the affected area had been subjected to a high current
density, and explains why iron was found throughout the "burned" areas on
the plates close to the short. These observations are consistent with
the postulation that the primary short occurred between plates P-7 and N-7,
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Figure 2. Front view of cell with plates partially withdrawn
(TRW 153392-79)

Figure 3. Rear view of cell with plates partially withdrawn
(TRW 153391-79)
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Figure 6. Designation and orientation of plates near center of pack.
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Figure 17, Close-up of spot on negative plate No. N-7, face No. 2
(TRW 153475-79).
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Figure 20. Oblique view of Section I, 8x

! Figure 21. Metallograph of particle between plates at Section I, 80x
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Figure 22. View of Section II, 20x
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3 Figure 23. View of Section III, 20x
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Figure 24. View of Section IV, 20x

Figure 25. Metallograph of Section IV, 30x
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= Figure 26.

Figure 27.

View of Section V, 12x

View of Section V, 20x
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Figure 28. Metallograph of Section V, 35x

Figure 29. Metallograph of Section V, 100x
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Figure 30. Scanning EMP Intensity Image for nickel: particle at Section V.

t Figure 31. Scanning EMP Intensity Image for cadmium: particle at Section V.
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Figure 35. Metallograph at location of particle, Section VI, 100x.
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i Figure 36. Burned spot on positive plate P-7, face 1, after storage.

i

Figure 37. Burned spot on positive plate P-7, face 2, after storage.
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APPENDIX 6

{‘ SSTS FAILURE MODES AND EFFECTS ANALYSIS
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SYSTEMS GROUP

INTEROFFICE CORRESPONDENCE

{ . 78-8723.0-054
To R. Sparks cc: Distrijbuticn oare. 13 October 13978
sueuecr Failure Modes and Effects Analysis rmom. D. W. Zerbel

on 777 SSTS

oo M2 maicsta, 2145 ext 50606

Reference: 1, 10C 78-8725.0.217, "Failure Modes and Effects Analysis
of Program 777 Solid State Temperature Switch (SSTS) Circuit, dated
21 September 1978 by J. E. Brooks to R. W. Sparks.

Background

On September 4, 1978, Battery 3 of S/C 2438 was observed to be in mini-
trickle charge. A possible cause of this high temperature excursion may
have been a failure of the SSTS to switch at or near its nominal set point
of 77°F. Again on September 21 during a recharge after reconditioning,
this battery was observed to reach 98°F even though the over-temperature

{ switch did rot switch the battery to mini-trickle. On September 22
battery 2 cn S/C 9437 was observed to be in mini-trickle charge. In nore of
the above cases was data available during the transition to the hiah tempera-
ture, so the exact switch point of the SSTS is unknown. In the two cases
where the 55° switch actuated, it cannot even be determined if the SSTS
operated at all since the 95° switch also switches K1 to trickle charge..

Data gathered during the 48 hour continuous pass on 9438 and the 24 hour
pass on 9437 is surmarized in Table [. Also plotted in Figure 1 is the
switch point data for oattery 3 on 9433 versus the rate of change at the
time of switching of battery temperature as measured by the teiemetry
thermistor. This plot suggests sore possible correlation of switch point
with rate of chanae of temoerature wnich in turn suagests that the
thermistor might not be tracking shim temperature. On cool down the
Suspect switches all switch within tclerance of their 70°F reset ooint. The
Possibility of the two thermistors (RT1 for telemetry and RT2 for the SSTS)
not tracking each nther has also been checked and what 1ittle temperature
differentiai there is, as predicted by analysis, is in the wrong direction
to explain the coserved behavior.
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In summary, ther, what we are looking for in this analysis is an
electronic part failure or drift in the SSTS that could cause the set
point to drift approximately 8°F high {corresponding to a 2R in the
thermistor value of 313 ohms) and also ailow the reset point to remain
at its nominal value.

Analysis

This analysis is an expansion upon Ref. 1 with emphasis on those components
that showed some promise of explaining the anomaly. In addition, breadboard
testing was used to verify the analysis. J

As seen from Reference 1 and Figure 3, the best candidates are:
0 VR3 - operates at wrong point

0 VR2 - short
o Cl open

+

The second and third candidates can be disposed of quickly:

o By analysis and by test a shorted VR2 moves the set point up to
1643 ohms (86°F) however, there is no hysteresis and the switch
would continuously toggle about this point.

o By analysis and by test, with C1 open, the output tends to switch
at a lower temperature if noise is also present. !ithout noise,
the circuit operation is unaffected.

Operation of VR3 (Reference Figure 2) with various modes of derrataticn
and the resulting effect on set point is tabulated in Table II. As

can be seen, none of these modes can result in the observed orbital
operation,

Conclusion

Reference 1 ruled out most catastrophic failures of parts as being the
cause and this analysis has ruled out the rest as well as ruling out
more subtle variations of VR3.

Another postulated failure mode that fits the observed data is that RT2
is lagging the snhim temperature as a function of the rate of change of
temperature. The mechanical mounting of RTZ to the shim has been
investigated and it seems to be adequate and not suspect. The thermal
characteristics of RT2 have been investigated by components with no
evidence of a problem.
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Further investigation is recommended on the relative temperature
distributions on the battery under various cell failure modes (i.e.,
is there any way that RT1 and S6 could actually be 7-10° higher on
charge than RT2). More orbital data would also be helpful.

.' p /
S KAy
D. W. Zerbel, Manager

Power Contro] & Distribution Dept.

DWZ:ch

Attachments

V.
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TABLE 1

Battery Lycte ] 2 } ) ®
9437

1 80°F 80°F 80°F 78°F -

2 77 79 79° 78 --

3 81 80 80 -- --
9438

1 78 78 78 78.5 78

2 79 80 79 79 78

3 84 80 81.5 81 83

{ SSTS Switch Points Observed during Continuous Passes

Degradaticn
Lowered gain, both Q11 & Q12

Increased leakage, Q11 & Q12

Lowered gain Q11 or increased
Teakage Q12

Lowered gain Q12 or increased
leakage of Q11

TABLE I1
Circuit Operation with Degraded VR3

A6-5

Effect on SSTS Operation

Raised set point; lowered reset point
Raised set point; lowered reset point

Raised set point and reset point

Lowered set point and reset pcint
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NOTES: 1. A1l resistance and capacitance values are nominal.
2.7 Vz js not connected in the 10-lead round can.

3. Pin 5 is connected to case.
4, Numbers in parentheses are lead numbers.
5. This schematic is for reference only.
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Reference !

OIPUNER AND SPCE Y5 1EVS AP

ONE SPACE AR - AEDTNOD PrACK - CALF ORI 45 8 78'8723.0'054
INTEROFFICE CORRESPONDENCE 78-8725.0.217
To R. W. Sparks ce: T.F. Castle ocare: 21 Septemper 1978
C.L. Stanley
C.E. Tock
N, Zerbel
-eumszct. Failure Modes and Effects Analysis rmom: J. E. Brooks
of Program 777 Soiid State Temperature DG MAIL $TA. ext.
Switch (SSTS) Circuit M2 2170 64550

An anomaly in the telemetered battery 3 temperature indication has been
detected on *wo satellites as well as an overtemperature trip related to
battery 3 or one of these satellites. Telemetry data suggests the possibility
that the thermistor in the SSTS circuit is lagging the telemetry sensing
thermistor. This problem is being investigated in several areas including test
simulations. The FMEA presented in this memo is part of the overall investiga-
tion of this anomaly. Sensitivity analysis was performed on critical parts of
this circuit which could affact the high temperature set point as follows.

: R4 - Approximately 300Q shift is required to change the
‘ ' set point by 19F, The resolution of this wirewouna
1 part is 229/turn.nbsolutp worse case end-of-life drift
of this part is 400n. Resistance cnanqes wnich could
! offset the set point as much as 1.39F are not con-
7 sidered to be credible failure modes.

‘ R2 - The sensitivity of the set ncint to drift of this

. resistor is approximately 502/YF. Absolute worse
case end of 1ife drift for this oart is less than
.05% year (1.5z). Resistance cnhanges wnich wouid
significantly arfect the set point voltages are not
considered to be creaible failure modes.

R1 and R3 - Worse case resistance changes for these

, resistors wouid nave negligible 1npact on set point
voltage.

The Failure Mode and Affects Analysis is summarized in the follewing taole.

g

L Lot
€. Brooks

( JEB:kd

A6-9

SYITCmE 2140 AV, 178




78-8775.3.217
&' Septemper

Page 2

i:73

SSTS FMEA
Page Failure Mode Failure Effect
)| CE Open Battery remains at full charge.
CE short or 2xcessive Battery remains at trickle charge.
leakage
R9 Open Leakage current may turn Q1 on and hold
battery -in trickle charce conaiticn.
Short Battery remains at full charge. )
R8 Open Same as R9 short.
Short Possible damage to RS, Q1, VR! and VR3 when
battery is hot.
VR1 Open Same as R8 open.
Short If VR3 was leaking Q7 could possibly be
held on maintaining trickle charge condition.
VR3 Output remains high Batte;y remains in trickle charge. .
Output remains Tow Battery rerains at full charge.
OQutput toggles at wrong Battery charging circuit switches at wrong
point. terperature.
VR2 Short Moves both set points up in temperature.
Open Moves lover set point down in temperature.
Possible darage %o VR3-3.
R6 Open Moves lower set point up in temperature.
Short Damage to VR2, VR3 and RS.
R7 Open Moves lower set point up in teriperature.
Short Battery remains in trickle cnarge ccnaition.
R3 Open Battery remains fn trickle charge congition.
Short Battery remains in full charge conditicn.
Rl ' Short Battery remains in trickle'charge conaiticn.
Open Battery remains in full charge ccnaiticn.
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JB-870F T
LY SepTetize 1303
Piye 3
i SSTS FMZA
page fFailure Mode Failure Effect
R2 or R4 Open Battery remains in trickle charge
condition.
Short Battery remains in full charge condition.
RT2 Cpen Battery remains in full charge condition.
Short Battery remains in trickle charge condition.
RS Open Battery remain; in full charge conditicn.
Short No effec;.
(W] Open ' Erratic toggling of VR3 output.
Short Battery remains in full charging condition.
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1)

2)

3)

4)

5)

6)

SUMMARY OF SSTS TESTING

Normal

o HI, 77°F = 2032> Q1 on (T.C.)

o LO, = 70°F = 23252 Q1 off (F.C.)
o 5= 323:

VR2 Shorted

Switches to T.C. @ 1643 = 86°F
s = 3592
lio hysteresis

© 0o

R6 Oren or R7 Oren

0 ilo change in trip point
o !o hysteresis

Attachre~t 2

Sirulate increased leakage of Q12 in VR3 by placing an external

resistor across pins 9 to 2.

R9-2 Acticn
30K o Both set and reset points go higher in temp.

o Hysteresis decreases
28K o Set and reset points go higher

o Hysteresis goes to zero

<25K o Output does not come on (system would stay in

. full charge)

Simulate increased leakage of Q11 in VR3 by placing an external

resistor across pins 3 to 8.

R3-8 Fction
900K o Set and reset points decrease 2°F
100K 0 Set and reset points decrease 14°F
Open Q1

0 HNo change




paid
y 3

Page 2

7) Simulate decreased gain of Q11 by inserting resistance in series
with Q11 base.

.

RBII Action
200K 0 Set ard reset points increase by 10°F

-A6-13.
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Attachment 3

Time from wnen RT1 reaches 77°F until SSTS switches (based on 48 hour

run data).
Batteries
Cycle 1 2 3
1 3 nin 5 min 10 min
2 3 rin 5 min 10 min
3 3 nin 7 min 6 min
4 5 nin 7 min 7 min
5 3 nin 3 min 8 min
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ONE SPACE PANK * AEDOKUD ULACH « CaLN DA SOR0
INTEROFFICE CORRESPONDENCE DSCS-D3-2136
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D. Zerbeld ‘

Data Cenier
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Reference: 1H021 PIN Specification Document

To establish confidence in subject parts already installed in 777
F7-F12 systems, the following stability test is to be performed.

1. Remove all available 1H021 devices from Group B part inventory
and residual stock.

. 2. Perform Group A, Subgroup 1 tests as per Table 11l of the referenced

1H021 PIN specification. Read and record parameter values.

3. Perform burn-in tests as defined in Para. 4.6.5 of the specification
except the duration of this burn-in shall be for a period of 500
hours. Readings are to be taken and recorded at 168, 330 and 500

~ hour points.

' 4, The electrical end points to be measured are as shown in Table 11

of the specification with the delta limits as defined in Para. 4.6.6.
At the conclusion of the above testing, review all data. In the event
that any delta limits are exceeded prior to the 500 hour point, i.e.,
at the 168 or 330 hour points, perform an immediate data examination.

Charge to J/N 3473-95 to complete this task.

O

L C. B. IRWIN
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777 - BATTERIES P/N 256107-3

( Attachzent 10

LATTERY SSTS VR3
S/N P/N MSO # S/N_|' P/N P.0. | p.c.] Pco

(FLT #7) .
3-30 276944-2 |  DRBHYEE670 008 €255151-021| 171PM3| 7414 40462
3-31 - 276944-2 | DRBHYEE630. 004 €255151-021 171PM3| 7414| 40462
3-32 276944-2 |  DRBHYEE640 005 €255151-021| 171PM3 | 7414| 40462
(FLT ¢8)
3-33 276944-2 |  DRBHYED290 003 €255151-021| 171PM3| 7414| 40462
3-34 276944-2 |  DRBHYED280 002 €255151-021| 171PM3| 7414| 40462
3-35 276944-2 |  DRBHYEE650 006 C255151-021] 171PM3| 7414 40462
(FLT #11)
3-44 276944-2 |  DRBHLET930 016 €255151-021| 171PM3| 7414| 40462
3-45 276944-2 |  DRBHLET900 013 €255151-021| 171PM3| 7414} 40462
3-46 276944-2 |  DRBHLET870 018 €255151-021] 171pM3| 7414| 40462
(FLT #12)

7 3-47 276944-2 |  DRBHLET920 021 €255151-021| 171PM3| 7414| 40462

{ 48 276944-2 |  DRBHLET950 021 255151-021| 171PM3| 7414| 40462
3-49 276944-2 |  DRBHLET970 023 €255151-021| 171pM3| 7414| 40462
(SPARE) -
(7 & 8) 276944-2 |  DRBHYEE660 007 €255151-021] 171PM3| 7414] 40462
Sw3-36

Clrs/og
O R eted (ina) C2asiEt.oN g /7 4

with (VR3) C255151-021.

MSO's épr SSTS located in
Ron 2{ er's Data Center

M3/3641 X63311.

MSO's for batterfes located
in R. Yasui's Data Center
M1/1308 X52846.
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SPACECRAFT THERMAL CONTROL

Thermal control for the 777 spacecraft is achieved through the use of
passive elements (i.e., multilayered insulations, surface finishes, second
surface mirrors, and low thermal conductivity isolators) augmented by
thermostat controlled heaters. The baseline thermal design is presented
schematically in Figure A7-1. The components within the despun platform
are thermally isolated from the spinning platform by reflective radiation
shields. Heat dissipated within the despun platform is rejected to the
space heat sink through the forward closure and the aft radiator. Heat
dissipated within the spinning platform is rejected to the space heat
sink through the solar array and the battery radiators. On-orbit, the
solar array is irradiated by the sun continuously except for short periods
during the equinox eclipses. Between equinox, winter solstice, and
equinox, the aft radiator and the battery radiators are irradiated by the
sun by diffuse reflection from the inside of the solar array in the aft-
cavity region, and by direct incidence around winter soltice. The forward
closure is irradiated by the sun between equinox, summer solstice, and
equinox. For the spinning platform, the hot condition occurs during
winter solstice and cold condition occurs during equinox eclipse. For the
despun platform, hot condition occurs during summer solstice, and cold
condition occurs during equinox eclipse.

A review of orbital temperature data showed no failure or degradation
in the thermal control subsystem. Other than batteries, all subsystem
components were working in the expected manner. Table A7-1 presents some
selected spinning platform temperature sensor data for the period immedia-
tely preceding the dates when the batteries were commanded into automatic
mode. A comparison of these sensor temperatures for this eclipse season
and the two preceding eclipse seasons show nearly identical temperatures.
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Table A7.1. Spinning Platform Temperatures
Before Eclipse Season Entry
Temperature
Measurement Minitrickle Minitrickle Manual Trickle

SOLRIT
SOLR2T
TANK1T
TANK2T
EIAT
BA1T
BA2T
BA3T

SOLR1T
SOLR2T
TANKLT
TANK2T
EIAT
BAIT
BA2T
BA3T

Spacecraft 9437

(9/5+Auto) (3/2+Auto)

9/4/77 3/1/78
55°F 55%F
60 59
56 55
57 56
96 95
55 55
47 49
51 51

Spacecraft 9438

(9/4+Auto) (3/2+Auto)

9/2/77 3/1/78
550F 55°F
59 59
55 55
57 55
95 93
52 53
47 48
50 49

(9/1+Auto)

8/31/78
550F
61
57
58
96
59
52
56

(9/3+Auto)

8/31/78
56°F
59
56
57
95
57
53
53
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OEFENSE AND SPACE SYSTIMS GROUP
ONE SPACE PARK - RLOONDC WEACH - CALIFORNIA 80278

INTEROFFICE CORRESPONDENCE

. 8715.1.3-78-8
" ro. R. H. Sparks ~ cc: See Distribution oate: 28 September 1978
suesect: 777, 9437/9438 Battery Anomaly Investigation, rrom: H, M. Pan i
Thermal Effects of Increasing Battery C sLoc MAIL STA. e
Radiator Area to 108 Square Inches M3 2542 61050

SUMMARY

The effect of increasing Battery C radiator opening from the present area
of 90 square inches to 108 square inches was analyzed, and the results showed
minimal effect on the Thermal Control Subsystem. Results of the analysis are
summarized below.

1. Effects on Battery C and surrounding component temperature.

Battery C: -3°F (during trickle charge)
PCM Encoder: -1°F
PCU: -1 °F

2. Increases orbital averaged battery heater power consumption
during Summer Solstice by about 2 watts.

3. Effects on Battery C heat rejection capability during Equinox
sunlight based on partially degraded solar array (Batteries A
and B capabilities are also presented for comparison).

Agzzeery No.+ Battery C Batt;:;-k Battery 5;-
Temp. °F + (90 in?) (108 in?) (108 in?) (108 in?)
50 4.5w 5.6w 4.5w 5.2w
65 10.6w 1.8w 10.6w 10.9w
80 17.0w 18.4w 17.0w 16.9w
95 23.8w 25.3w 23.7w 23.2w
MR v m—
DISCUSSION

/
The analysis showed, in the temperature range of 50°F to 80°F, Battery B
has the most heat rejection capability, while Batteries A and C have about the
(1' same heat rejection capability. Battery C has smaller radiator arca than both

A7-5
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8715.1.3-78-8
Page 2

Batteries A and B, because it is located in a cooler part of the Spinning Plat-
form. A review of on-orbit data for the period prior to the Fall 1978 eclipse
season showed Battery A had the least heat rejection capability, and Battery B
had the most heat rejection capability. Battery C heat rejection capability
lay somewhere between Batteries A and B. During manual trickle charge condition,
Battery A was warmer than Batteries B and C by between 3°F to 7°F. During the
first charge-overcharge cycle following the long eclipse, Battery A switched
earlier over to trickle charge from the full charge condition. The proposed
change in Battery C radiator area would cause its heat rejection capability to
be approximately equal to that of Battery B or even slightly greater. This
would increase the heat rejection "unbalance" between Batteries A and C.

HMP : am

DISTRIBUTION:

R. H. Alborn R4/1098
J. T. Bevan?ﬁ M3/2542
J. A. Dursclinger R4/1182
A. P. Fay R4/1182
W. M.Kendziorek R4/1198
W. B. J. Shakespeare 82/1034
C. L. Stanley M1/1406
M. White 82/1042
D. W. Zerbel M2/2145
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R. H. SPARKS INTEROFFICE CORRESPONDENCE 7335.1-250
R. Sparke M/ /720 8 cc Distribution oate. 26 October 1978

Temperature Distributions and Differentials for rrom  J. N. Woo 72;21_1&2:;____
Batteries Operating in a Normal Mode for "LoG MAIL STA, Xt )
Orbital Conditions - Project 777 RS 8231 52202

SYSTEMS 0190 REV. 370

References: (1) 78-8725.0-233, "Plan for F11/F12 Final Readiness Review-
Batterv System Changes", from R. Sparks to Distribution,
dated 23 October 1978,
(2) 7415.1-669 (777-E3-1462), "Final Thermal Analysis of
Praject 777 Batterv", from J. N. Woo to J. D. Armantrout,
dated 30 Julv 1970.

INTRODUCTION

In partial response to your reauest of Reference (1), the final therma) analysis
of Project 777 Battery (Reference 2) was reviewed. The primary purnose of

the review was to obtain the temperature distributions and differentials for
batteries operating in a normal mode for orbital conditions - Project 777.

The temperature data are included herein.

RESULTS

Based on the results of the analysis (Reference 2), the temperature distributions
and differentials are shown in Table I. The heat dissipations assumed for
analysis are shown in Table II. The detailed temperature-time histories can

be obtained from Reference (2).

DISCUSSION

_ The temperature data for batteries operating in a normal mode for orbital

conditions, as shown in Table I, indicated a maximum temperature differential

of 8°F between the center cell and the end cell. The two center cells (cells

No. 6 and 17) are the hottest among the 22 cells of the battery pack, the

four cells adjacent to the two center cells (cells No. 5, 7, 16, and 18) are

sliohtly colder, and the four end cells (cells No. 1, 11, 12, and 22) are ‘
the coldest. The reason for this condition to exist {s that the end cells are !

thermally coupled to the end plates, which radiate heat away to the surroundina.

A7-7
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7335.1-250
Page 3
J
a
TABLE 1I. Heat Dissipations as a Function of Time for
Each of the Three Batteries.
Battery Operating
Condition Time (hrs.) Mode Heat (Watts)
Equinox - 0- 1.2 Discharge 22 Constant
Cold Case 1.2 - 7.8 Charge 0
7.8 -11.0 Full Charge 0 - 23 Linearly Increasing
11.0 - 24.0 Trickle Charge 5 Constant
Equinox - 0- 0.3 Discharge 32 Constant
Hot Case 0.3- 2.4 Charge 0
2.4 - 3.2 Full Charge 0 - 110 Linearly Increasing
3.2 -23.0 Trickle Charge 8.5 Constant
Winter Steady-state Trickle Charge 10.0 Approximately

Solstice
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~78-8715.1.3-9
vo: R. H. Sparks -~ cc: Distribution pare: 2 October 1978

suesecy: 777, 9437/9438 Battery Anomaly Investigation, rmom: H. M, Par / Z; '
Effects of Changing Battery Temperature Set oLOG AL STAL xr
Points and Main Bus Voltage on the Thermal Control M3 :

(uhcycie!n‘ 2542 6]050

SUMMARY

A thermal analysis has been performed to determine the feasibility
of lowering the Trickle-to-Full temperature set point of 70°F, and its
overall thermal effect on the thermal control subsystem. The following
summarizes the results of the analysis.

1. The Trickle-to-Full temperature set point can be lowered to
63°F from the present 70°F.

2. The lower temperature set point has no effect on the minimum
predicted temperatures for the other Spinning Platform com-
ponents.

3. Changing the main bus voltage from 32.4 volt to 31.8 volt has
negligible effect on the thermal control system,

\ DISCUSSION

The Trickle-to-Full temperature set point can be lowered from the
present value of 70°F because the battery trickle charge dissipation
dropped by almost 50% due to the lowering of the main bus 1imit from 32.4
volts to 31.8 volts. At 70°F, the maximum trickle charge dissipation for
the 32.4 volt bus limit is about 8 watts and is about 4.6 watts (from
C. L. Stanley) for the 31.8 volt bus limit. Predicted steady-state battery
trickle charge temperature for the Equinox EOL condition is about 61°F at
8 watts and about 54°F at 4.6 watts. The present set point of 70°F provides
a margin of 9°F for the predicted steady-state trickle charge temperature
of 61°F, thus lowering the bus limit to 31.8 volts (consequently lowering
the trickle charge dissipation) allows the lowering of the set point to
63°F and still provides the same margin of about 9°F between the set

gzigt and the lower predicted steady-state trickle charge temperature of

SVETEMS 160 REV. S0V
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Page 2.

The lower temperature set point has no effect on the minimum pre-

dicted temperatures for other components.

The minimum predicted com-

ponent temperatures were predicted based on the condition with all
three batteries operating in manual tickle charge prior to entering
eclipse. This mode of operation results in lower predicted temperatures

for other components.

Spacecraft T/V acceptance test was conducted

with the batteries in manual trickle charge condition prior to entering
eclipse during the Phase II Equinox thermal equalibrium test condition.

HMP :ms

Distribution:

o X2 O X X >» G G

H. Alborn

. J. Shakespeare
L. Stanley
White
W. Zerbel

R4/1098
M3/2542
R4/1182
R4/1182
R4/1198
82/1034
M1/1406
82/1042
M2/2145
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L Thermal Effects of Recommended Changes

2 2
. Increasing Battery C radiator from 90 in to 108 in .

(]

A. Temperature effect: Battery € -3°F (during trickle charge)
i PCM Encoder -1°F
PCU -1°F

B. Increases obital averaged battery heater power consumption
during Summer Solstice by about 2 watt.

| C. Increases battery C heat rejection capability during Equinox
Sunlight by about 1.5 watt.

II. Changing battery trickle-to-full set point from 70°F to 65°F and
full-to-trickle set point from 77°F to 72°F.

{ A. Reduces battery temperature during Auto-Mode by at least 5°F,

B. Battery may not cycle during late life Equinox condition
(battery remains in trickle charge after the first full charge
: cycle).

C. Have no effect on minimum temperature condition for other
spinning platform components. tinimum temperature condition
analyzed was with the battery in manual trickle charge prior
to entering eclipse (T/V acceptance test was with the battery
in manual trickle charge prior to entering eclipse during phase
2 thermal equilibrium condition).

A7-12
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APPENDIX 8

BATTERY CONTROL NETWORK DESIGN FOR DSCS II FLIGHTS 13-16
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sussecr:  Redesign of Battery Control snom. N. B. North

Network for DSCS-1II 0oe M1 wansTa. 1406 et 51402
Spacecraft 13 through 16 - ECP 124

r Resistance values have been calculated for the 6B Battery
charge control option as modified for optional direct
connection. This effort was accomplished in partial support
of ECP 124 for DSCS-II spacecraft 13 through 16.

Report Number 79.8723.18-001 (attached) gives details cf
the analvsis.
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79.8723.18-001

TABLE OF CONTENTS

SUMMARY

BATTERY CHARGE CONTROL REQUIREMENTS
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2.3.2 End of Mission
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BATTERY CONTROL NETWORK DESIGN
FOR DSCS-II FLIGHTS 13-16

ECP 124

N. B. NORTH

SUMMARY

Battery charging must be controlled for DSCS-II flights

13 through 16 so that high-rate overcharge current does
not exceed C/10 (l1.62 amperes), so that recharge current
prior to overcharge will be at least C/30 (0.54 amperes),
at 50°F, and so that battery temperature will remain with-
in desired limits for long-lived operation.

This report documents detailed design requirements for
battery control and presents synthesis and analysis of
the "6B" configuration as modified to provide direct
connection of batteries to the bus for special-situation
charging at a low bus voltage. Conclusions of the
analysis are, assuming that battery temperature sensor
switch points are at 64 and 71°F:

[ The bus voltage limits should be set at nominal
values of 31.6 and 33.8 volts.

) The resistance in the low rate path of the charge
control network should be 20 ohms.

° The resistance in the high-rate path of the charge

control network should be 3.095 ohms (operating in
parallel with a low~rate path).

BATTERY CHARGE CONTROL PEQUIREMENTS

Each battery is to be controlled in one of three select-
&ble charge modes, namely:




79.8723.18-0Q1

® High-rate recharge mode
° Low-rate trickle mode
° Battery isolation mode

The bus is to be operated at one of two available volt-
age limit settings in automatic "hands-off” mode when-
ever possible.

High-rate recharge mode consists of connection of the
battery to the bus either by direct connection or
through a low-value limiting resistance (this replaces
the former "full charge” mode). Low-rate trickle

" mode consists of connection of the battery to the bus

through a higher-value limiting resistance (this corres-
ponds to earlier terminoleogy of "trickle charge” mode).
The isolation mode is provided for isolation of a
battery from the bus to preclude excessive overcharge in
case of inadvertent degradation beyond the stage at
which the battery can safely be operated in high or low-
rate mode. This isolation mode is represented in the
earlier replenishment series by the minitrickle mode;
the high-value finite limiting resistance for mini-
trickle charging is not required =-=- it could conceivably
be infinite (open circuit).

The discharge path for the batteries in the three modes
is either direct connection or a single series diode for
the high-rate recharge mode, a single series diode for
the low-rate trickle mode, or two diodes in series for
the battery isclation mecde.

The battery control requirements and goals given herein
are an expansion of requirements set forth in Reference 1.
In case some possible combination of requirements or

goals cannot simultaneously be satisfied under certain
conditions, then these conditions are identified and
alternate design requirements are developed where appro-
priate.

2.1 Bus Voltage
The bus voltage shall not exceed 34.0 volt,
including allowance of $0.2 volt for lifetime
drift of the shunt limiter.
2.2 Electromagnetic Compatibility
2.2.1 Array Voltage Limiting Mode
The primary bus output impedance shall

be less than 1 ohm for dc to 100 kHz
when the bus is in the voltage limiting

A8-9
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mode and shunt current is greater than
1.2 amperes.

2.2.2 Battery Discharge Mode

The primary bus output impedance shall
be less than 1 ohm from dc to 100 kHz

when the bus is being supplied by the

batteries.

2.2.3 Transition Between Voltage Limiting Mode
and Battery Discharge Mode

The combined resistance from the batteries

to the bus shall not exceed 1 ohm when all

three battery control networks are in high-
rate recharge configuration.

2.3 Minimum Low-Rate Trickle Charge Current
2.3.1 Beginning of Mission

Current during low-rate trickle charging

mode shall be at least C/150 (0.108Aa) at

a temperature of 42°F, at beginning of

mission, with cell voltage uncertainty

relative to nominal Tafel overcharge data
] of v.000v.

2.3.2 End of Mission

Current during low-rate trickle charging
mode shall be at least C/150 (0.108A)

at a temperature of 59°F, at end of
mission, with cell voltage uncertainty
relative to nominal Tafel overcharge data
of +0.015v.

2.4 Maximum Battery Temperature During Low-Rate Trickle
Charging . ‘

2.4.1 Battery with 22 Unshorted Cells

Sustained low-rate trickle charge current
to a 22-cell battery shall not exceed a

v value which would preclude battery temp-

! erature from cooling to a temperature of

, 64°F, with an added margin of =5°F, in

| : eclipse season sunlight periods, at the

p . high bus voltage level with worst case
uncertainty in cell voltage of -0.015V
from nominal Tafel overcharge data at
BOM and 0.000V at EOM.

v e

-
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2.4.2 Battery with 21 Unshorted Cells

Sustained low-rate charge current to a
2l-cell battery shall not exceed a value
which would cause battery temperature to
be in excess of 75°F in eclipse season
sunlight periods, at the high bus voltage
level, with worst case uncertainty in cell
voltage of -0.015V from nominal Tafel over-
charge data at BOM and 0.000V at EOM.

Minimum Current During High-Rate Charging
2.5.1 Battery Heater Turn-On Temperature

Charging current shall be at least C/35
(0.463A) during high-rate charging if the
battery temperature decreases to the
battery heater turn-on temperature of 42°F,
when accounting for worst-case cell voltage
uncertainty (+0.015V/cell from nominal
Tafel overcharge characteristics at EOM,
0.000v/cell at BOM).

2.5.2 Expected Temperature Range

Charging current shall be at least C/35
(0.463A) during high-rate charging with-
in the expected battery temperature range
of 50 to 71°F, when accounting for worst-
case cell voltage uncertainty (+0.015v/
cell from nominal Tafel overcharge charac-
teristics at EOM, 0.000V/cell at BOM).

]

Maximum Current During High-Rate Charging

Charging current to a battery with 21 unshorted
cells shall not exceed C/10 (1.62 A) following

the initial inrush transient when the battery
temperature is within the range of 42 to 71°F,
accounting for worst case cell voltage uncertainty
(=0.015V/cell f£rom nominal Tafel overcharge
characteristics at BOM, 0.000V/cell at EOM).

Maximum Temperature of 22-~Cell Battery During
Isolation Mode

The current in a battery containing 22 unshorted
cells shall not exceed a value during battery
isolation mode which would prevent the battery
from cooling to a temperature below 64°F with a

A8-11
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margin of 9°F, at all times, accounting for worst
case cell voltage uncertainty (-0.015V/cell from
nominal Tafel overcharge characteristics at BOM,
0.000V/cell at EOM). (This goal cannot be met
under all conditions; see Sections 4.5.1 and
4.5.6 through 4.5.8).

Maximum Temperature of 21-Cell Battery During
Battery Isolation Mode

The current during battery isolation mode shall
not exceed a value which would prevent a 2l-cell
battery from cooling to a temperature below 75°F
at all times, accounting for worst-case cell
voltage uncertainty (-0.015V/cell from nominal
Tafel overcharge characteristics at BoM, 0.000V/
cell at EOM).

Minimum Current During Battery Isolation Mode

As a goal, the current during battery isolation
mode shall not be less than C/200 (0.081 A)
accounting for worst-case cell voltage uncertainty
(+0.015V/cell from nominal Tafel overcharge
characteristics at EOM, 0.000V/cell at BOM).

(This goal cannot be met; see Sections 4.5.6
through 4.5.8).

Minimum Temperature During Battery Isolation Mode

The current during battery isolation mode shall be
sufficient to maintain a battery with 22 unshorted
cells at a temperature above 42°F, accounting for
worst-case cell voltage uncertainty (+0.015v/cell
from nominal Tafel overchage characteristics at
EOM, 0.000V/Cell at BOM).

Temperature Turn-Around of Battery in Direct
Connection to Bus «

The low bus voltage limit must be sufficiently
great that, during direct connection of a battery
to the bus durznq eclipse season, internal
dissipation in the battery will be sufficient to
heat the battery to at least the upper SSTS switch
point of 71°F.

AB-12
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CHARGE CONTROL NETWORK

The charge control circuitry for each battery shall be
as shown in Figure 3~1 . Automode charging is controlled
via opening and closing of contacts of the Kl relay,
using the S$STS thermistor for the control sensor.
Resistor Ry, is used for low-rate charging, with Kl

‘contacts open. Resistor RER is used in parallel with
ar

Ripr for normal high rate ¢ ging with K1l contacts
closed. The battery will normally discharge through the
diode upon demand from the loads in absence of sufficient
solar array current. The "K5" contacts are closed for
special situations to provide direct connection between
the battery and the bus.

SYNTHESIS OF RESISTANCE VALUES IN NETWORK

The restrictions on battery current are for overcharging
only. Cell overcharge voltage-current density (Tafel)
characteristics for General Electric nickel-cadmium cells
are graphed for a range of temperatures in Figure 4-1.
This graphical data has been fitted for cell voltage
(Vce1l) as a function of cell current (I, amperes) and

ce T %emperature (T, °F) for the 777 Fl3-16 case where
positive plate area is 7.91 dm2, to yield

log,y I - B, = BT (4-1)

v s —_
cell Bl + B3T

where
Bo ==34.77167

Bl = 22.78185
B, = 0.0440618

2
By = ~0.0086788
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FIGURE 3~-1. BATTERY CONTROL NETWORK
(Typical of 3)
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In each case where it turns out to be appropriate and

tractable, the allowable combinations of limiting resis-

tance ané bus voltage are examined. This bounds the

: design problem and helps avoid the situation of analy-
tically experimenting with a large number of potential
solutions and finding out that many of them fail to meet
one or more of the reguirements. More specifically, the
requirements are formulated in terms of inequalities to
represent allowable limiting resistance in terms of bus
voltage.

Segments of the battery controls are analyzed in the
sequence:

° High-rate limiting resistance
° Low-rate limiting resistance

® Direct connection

° Battery isolation mode
4.1 High-Rate Limiting Resistance

The requirements governing high-rate charging
through the parallel combination of Rgr and Ryp
| are dealt with individually. The symbol Rpy is
[ _ used for the resistance of the parallel combina-
{ tion:

Ryr ¢ RrR
| Rpp = Rgr * KR (4.1-1)

4.1.1 Bus Resistance

The combined resistance from the three
batteries to the bus must not exceed

1 ohm when the control network for each
battery is in high-rate recharge con-
figuration (Section 2.2.2). nesistance
Rpy, for each battery circuit must then
be limited to 3 ohms.

RP,L £ 3.0 (4.1-2)

in order that the parallel combination
for three batteries not exceed 1 ohm.

- 4.1.2 Maximum Overcharge Current
Overcharge current must not exceed 1l.62A

when the battery control network is in
( _ high-rate mode, with the battery being

48-16
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charged throuzh Rpy, except during
initial turn-on of current through PRpp
(Section 2.6)

I < 1l.62A

In order to accomplish this, Rpp is
limited by

R > Veus = Vear

1.62A

VpaT is a function of worst-case cell
temperature T, cell current, the minimum
specified quantity of unshorted cells
(21), cell voltage, and worst-case
uncertainty of cell voltage (-0.0l15 V/cell
at BOM). Current will be greatest when
cell temperature is greatest. This will
occur in high-rate overcharge as the
battery reaches the temperature at which
the SSTS causes relay Kl contacts to
open to reconfigure the charge control
network to low-rate mode. This tempera-
ture is nominally 71°F. From either
Figure 4-1 or equation 4-1, nominal cell
voltage at a current of 1.62A and temp-
erature of 71°F is 1.437V. The worst-
case uncertainty in cell voltage for the
maximum overcharge current regquirement
is -0.015V, to give a modified cell
voltage of 1.422V. The voltage of a 21
cell battery is then 29.863V.

The maximum overcharge current constraint
thus becomes
Rpp > 'Bus ~ 29-863 (4.1-3)
1.62

Minimum Recharge Curren.

4.1.3.1 Battery Heater Turn-On Tempera-
ture

The minimum recharge current
must be C/35, or 0.463 A at the
battery heater turn-on tempera-
ture of 42°F (Section 2.5.1).
The parallel resistance to
accomplish this is
R, < 'Bus - Vear
0.463

A8-17
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VgAT in this case is a function
of temperature, cell current of
0.463 A, the maximum quantity

of unshorted cells, cell volt-
age, and worst-case uncertainty
of cell voltage (+0.015 V/cell
at EOM). The overcharge data

of Figure 4-1 or equation 4-1
yields nominal cell voltage of
1.454 V. Application of worst-
case uncertainty of +0.015 v/
cell gives a modified cell
voltage of 1.46% V., The voltage
of a 22-cell battery is thus
32.310vV. The minimum recharge
current constraint for 42°F then
becomes

0.463

-

4.1.3.2 Expected Temperature Range

The minimum recharge current

to a battery within the tempera-
ture range of 50 to 71°F must
be C/30, or 0.54 A{ Section
2.5.2). Using analysis similar
to that fcr Section 4.1.3.1
above, the minimum recharge
current constraint for this
temperature range is

Rpx_ 2 vBUS - 32.128

0.54 (4.1"48)

Bus Voltage

The bus voltage is required to not exceed
34.0 Vv (Section 2.1). This is represented
simply by:

Vpys & 34.0V (4.1-5)

Combined Requirements for High-Rate
Recharging

The combined constraints of expressions
4.1-2 through 4.1-5 are graphed in

Figure 4-2 . In addition, constraints
representing other combinations of cell
parameters are shown for information, even
though they are dominated by constraint
expressions 4.1-2 through 4.1-5.
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Allowable Ccmbinations of Bus Voltage
and High-Rate Limiting Resistance

An allowable combination of bus voltage
and high-rate limiting resistance would
be any point which simultaneously resides
on the unshaded side of each and every
defined constraint line. However, the
bus voltage can be controlled with
existing spacecraft circuitry only to a
band not exceeding ¥ 0.2 volt above and
below the nominal setting. Thus the

allowable combination of nominal bus
voltage and high-rate limiting resis-
tance is defined by the space on the
graph in which a vertical line of 0.4
volt dimension will fit within the
constraining boundaries. This region
is shown in Figure 4-2 as the triangle
with dotted interior, bounded by the
three points:

VBus Rop
v) (n)
33.66 2.468
33.80 2.554
33.80 2.726

A portion of the allowable combination
of Rp; and Vgys was accepted jointly
by 779 Systems Engineering, Power and
Distribution Subproject, and Battery
Engineering, as that space in the graph
which fits directly against the 34.0
volt upper limit on bus voltage,
including +0.2 V allowance for long-term
drife. This yields the range of design
points as a point setting of 33.8 V for
the nominal bus limiter setting and a
range of 2.554 to 2.726 ohms for the
parallel resistance Rpyp.

The determination of actual high-rate
limiting resistance Ryp is deferred
until selection of low-rate limiting
resistance RpR.
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Low-Rate Limiting Resistance

Each individual requirement relating to low-rate
trickle charcing is transformed into .a mathera-
tical constraint similarly to the methods of

Section 4.1.

4.2.1 Minimum Trickle Charge Current During
" Normal Operation

4.2.1.1

4.2.1,2

Beginning of Mission

Minimum trickle current will
be supplied to a battery with
22 unshorted cells when it is
at its coldest allowable temp-
erature of 42°F at beginning

of mission, with the worst-case
uncertainty in cell voltage of
0.000 V/cell. This minimum
current must be at least 0.108 A
(Section 2.3.1). The bus-
voltage-resistance constraint
to accomplish this is

Rop < VBus ~ Vaar
The cell voltage under the
stated conditions will be 1.425v
and the resultant battery volt-
age will be 31.360 V. The
constraint is thus

R < UBUS - 31.360 (4.2-1a)
—e.108

End of Mission

Minimum trickle current will
be supplied to a battery with
22 unshorted cells when it is
at its coldest expected tempera-
ture of 59°F at end of mission,
with the worst-case uncertainty
in cell voltage of +0.015 V/cell.
This minimum current must be at
least 0.108 A (Section 2.3.2).
The bus-voltage-resistance
ionstraint to accomplish this

s

Ry < Vaus - Vear
= 0.108

A8-21 ‘
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The nominal cell voltage under
the stated conditions will be
1.401 V. Application of
+0.015 V uncertainty allowance
to this value gives worst-case
cell voltage of 1.416 V and
battery voltage of 31.157 v,
The constraint is thus

R < Veus - 31.157 (4.2-1B)
- T 0.108

Maximum Battery Temperature During Low-
Rate Trickle Charging

Low-rate charging must be controlled so
that minimum current will be supplied
to each battery and so that battery
temperature does not exceed the stated
maximum temperature. Heat rejection
capability is given for each battery at
beginning and end of mission in equinox
in Reference 3. This data is graphed in
Figure 4-3,

4.2.2.1 Battery With 22 Unshorted Cells

The low-rate trickle resitance
must not be less than a value
which will limit dissipation of

a 22-cell battery to less than
the heat rejection capability

for the battery at a temperature
of 59°F during eclipse season,
with worst-case uncertainty in
cell voltage of 0.000 V/cell at
EOM (the worst case occurs at end
of mission when heat rejection
capability of a satellite battery
is decreased) .’

Examination of the end-of-
mission portion of Figure 4-3
reveals that battery dissipa-
tion of 5.2 watts will result
in steady-state battery temp-
erature of S9°F or less (59°F
for battery A, 57°F for battery
B, and 58°F for battery C).
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The overcharge current at
which battery dissipation
equals 5.2 watts, using cell
voltage uncertainty of zero, is
determined by trial and error
with equation 4-1 to be
0.16766 ampere. At this
operating point, cell voltage
is 1.410 volt and battery
voltage is 31.016 volt. The
limiting resistance reguired to
limit maximum temperature is
determined in general by

Ry, 2 'Bus " Vmar

0.16766
and specifically by

Ryp 2 Vgys - 31.016
0.16766

Battery With 21 Unshorted
Cells

(‘02-2)

The low-rate trickle resist-

ance must exceed a value

which will cause overcharge
dissipation in a 2l-cell

battery to limit battery tempera-
ture to a maximum of 75°F during
eclipse season and end-of-mission,
with worst-case cell voltage
uncertainty of 0.000 V/cell
relative to nominal overcharge
characteristics. From Figure 4-3,
it is determined that battery
dissipation of no more than 13.1
watts will result in steady-state
temperatures of 75°F. The battery
operating point at which this
dissipation occurs at this temp-
erature is determined from equation
4=1 to be 0.4437]1 amperes at
29.524 volts. The limiting
resistance required to limit maxi-
mun temperature for this case is
specified by

Vaus = 29-524 (4 o3

""'2"_6'.-11'571"_
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4.2.3. Combined Requirements for Low-Rate
Trickle Charging

The combined constraints of expressions
4.1-5 and 4.2-1 through 4.2-3 are
graphed in Figure 4-4. Also, constraints
representing other combinations of cell
quantity and time in mission are shown
for information.

4.2.4 Allowable Low-Rate Limiting Resistance

The feasible region for combinations of
low-rate limiting resistance and bus
voltage limit is bounded by the polygon
containing the unshaded side of each of
the constraint lines for expressions
4.1-5 and 4.2-1 through 4.2-3. This
region is further limited by the decision
to use a bus limit of 33.8 ¥ 0.2 volts
(see Section 4.1.6). The remaining
feasible space is represented by the
space in which a vertical line of
dimension 0.4 volt (the peak-to-peak
band of allowable bus limiter drift)
can £fit against the bus voltage con-
straint expression (4.1-5) and within
the 42°fF temperature and C/150 con-
straints (expressions 4.2-1 and 4.2-2).
This space is indicated as the hatched
rectangle in Figure 4-4. The low-rate
trickle resistance value is thus
constrained to he within the range (in
ohns) 3

17.80 < Rr < 20.74 (4.2-4)

Choice of Values of Limiting Resistance For Low
and High-Rate Charging

The actual value of low-rate limiting resistance
has been chosen to be 20.0 ohms (implemented as
two 10.0 ohm ¥ 1y resistors in series) based on
standard resistor values chosen to have the
shortest procurement time (Reference 4)

The allowable values for high rate resistance are
those which allow the parallel combination of
high and low-rate resistances (in ohms) to be

in the range (Section 4.1.6):

2.55¢ <R, £2.726 (4.3-1)

A8-25
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Combining expressions 4.3-1 and 4.1-1 yields
2.93 & R,pS3.16 (4.3-2)

The actual value which has been chosen for RHR
is 3.095 ohms, formed by a parallel pair of
two 6.19 ohm % 1% resistors (Reference 4).

Direct Connection Between Battery and Bus

It is desirable to allow direct connection be-
tween any one or more batteries and the bus to
provide added flexibility for accommodation of
possible partially failed batteries. Direct
connection offers two advantages:

® added flexibility to control load sharing
during discharge; i.e., zero diodes in series
with a battery, as well as one or two diodes,
and

® a backup, contingent method for giving a
manually controlled high-rate boost charge
in case present dependance on lower rate
charging turns out to be less than adequate
for maintaining energy balance through all
conceivable phases of the spacecraft mission
(including accommodation for potential
failures outside the power subsystem).

It is apparent from Figure 4-2 that high-rate
parallel resistance of zero ohms between a
battery and the bus does not meet all identified
constraints together with all worst-case allow-
ances for uncertainty in cell and bus voltage,
for unattended operation of the power subsystem.
It is therefore important that any use of direct
battery connection be accompanied by adeguate
surveillance so that charging a battery through
direct bus connection can be manually terminated
before any potentially hazardous high-rate over-
charging can occur. '

The bus voltage limit must be as low as possible
in order to limit the potential for high-rate
overcharging, but must be high enough that the
battery has sufficient dissipation to preclude
too low a battery temperature.

4.4.1 Constraints on Selection of Lower Bus
Voltage Limit

The lower bus voltage limit is deter-
mined using two constraints, both

A8-27
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applicable for eclipse Qeason (equinox) ;

e The battery must heat during direct
connection to at least 71°F (Section
2.11), and

® Overcharge current at a temperature
of 71°F must not exceed C/10 (1.62A)
(Section 2.6).

4.4.1.1 Battery Self-Heating

Battery dissipation is calcu-
lated as a function of temper-
ature for a range of bus
voltage limits; this is graphed
simultaneously with heat
rejection capability of each
battery during equinox in
Figure 4-5. 1In this figure,
worst-case cell voltage of
+0.015 V/Cell is incorporated
for end-of-mission conditions,
to represent the minimum-dissi-
pation case for the battery.

The curves on Figure 4-5

reveal that, for example, use

of bus voltage of 31.3 V

allows battery dissipation
during direct, full charge .
connection to be less than

the heat rejection capability

of one or more of three space-
craft batteries within the
temperature range of approxi-
mately 50 to 73°F. This means
that if the bus voltage is this
low, the battery will not be

able to reach the upper SSTS
switch point of 71°F and be reset
back into low-rate trickle charge.

The heat rejection capability
characteristics are estimated
to have uncertainty in tempera-
ture of approximately & S°F
(Reference S). An allowable
bus voltage .which will assure

A8-28
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4.4.1.2
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self-heating of each battery

is determined by selecting a
dissipation curve on Figure

4-5 which is displaced horizon-
tally from the lowest heat
rejection curve (namely battery
B) by at least 5°F. The dissi-
pation curve for bus voltage

of 31.6 volts just barely

meets this criterion. Higher
bus voltages meet this criter-
ion by greater margins.

Maximum Overcharge Current
In Direct Connection

A battery that is connected
directly to the bus will have
overcharge current that
increases with increasing
temperature, as shown in
Figures 4-6 and 4-7. These
figures show sensitivity to
cell voltage uncertainty at
end-of-mission of 0.000 and
+0.015 V/cell, respectively.

This data is reformatted in
Figure 4-8 to show overcharge
current at battery tempera-
ture of 71°F as a function of
bus voltage. Cell voltage
uncertainty is shown as a
parameter in the range from
+0.015 to -0.015 volt per
cell.

The greatest interest for use
of direct connection of a
battery to the bus occurs
when cell voltage increases
during continued recharging,
to the point where charging
at the high bus voltage of
33.8 volts would conceivably
be inadequate. This would be
a contingency in which

direct bus connection would
be used at a lowered bus
voltage. Thus the positive
variation of cell voltage

in overcharge is of no
asparcnt significance for
examination of direct bus
connection.
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Battery Isolation

79.8723.18-001

If we accept nominal cell
voltage (AV = 0.000 V/Cell)
in overcharge as the worst
case in which direct bus
connection might be considered,
then the highest bus voltage
at which cell current will
remain below the maximum over-
charge current criterion of
C/10 (1.62A) at 71°F is

31.66 volts.

Selection of Lower Bus Voltage
Limit

The nominal bus voltage for

use during direct connection

of the batteries to the bus

must be at least 31.6 volts
(Section 4.4.1.1). The actual
bus voltage must be less than
31.66 volts in order to limit
overcharge current to less than
C/10 (4.4.1.3), at least early
in the mission. If actual bus
voltage exceeds 31.66 volts
because of shunt limiter drift
from its original setting, then
manual control may be necessary
to ensure battery switching

to manual trickle before over-
charge current becomes excessive.
The value of 31.6 volts is chosen
as the best available compromise.

The very narrow range of an
acceptable level of nominal

bus voltage, in concert with

the assigned long-term tolerance
for bus voltage drive of + 0.2
volt, emphasizes the need for
careful monitoring of battery
and power subsystem performance -
vhenever the spacecraft may be
in direct bus-battery connection
mode. It should be used only
for the contingency in which
high-bus voltage operation for
some reason does not meet
expectations.

The aggregate of desired requirements for isolation

of a battery during charging turn out not to be
achievable simultanecusly. These requirements

are exanined in this section, and alternate
zeguizrements are determined and implemented. .
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Maximum Temperature of Battery With 22
Unshorted Cells During lsolation Mode

The battery is not supposed to exceed a
temperature of S55°F (64°F less margin of
9°F) at any time, according to Section
2.7. This condition cannot be met with
any value of current at winter solstice.
Heat rejection capability of the batteries
during winter solstice is plotted in Figure
4-9 (Reference 5). Battery C cannot cool
below 59°F at BOM or 69°F at EOM even
with zero dissipation from recharging or
overcharging current. Batteries A and

B cannot cool below 57°F at BOM or 68°F

at BOM with zero dissipation.

Maximum Temperature of Battery with 21
Unshorted Cells

Current during battery isolation mode must
be low enough that temperature of a 21 cell
battery will cool down to no greater than
75°F. The limiting case for this regquire-
ment is winter solstice at EOM. From
Pigure 4-9, it is determined that maximum
dissipation from the batteries to meet

this temperature is:

3.6 watts for Batteiy A,
3.6 watts for Battery B, and
3.1 watts for Battery C

In order to have a general design that
mcets the requirement for all batteries,
the value of 3.1 watts is used. This

- power is dissipated in the worst-case at

EOM (cell voltage uncertainty is 0.000
volt relative to minimal Tafel overcharge
data) when the current is 0.10712 ampere.
The cell voltage and battery voltage at
this current level are 1.378 and 28.938
volts. The constraint on isolation mode
resistance is

Ry 2 Yaus - Vmar
1
or, specifically
Ry Z (BUS - 28.938 (4.5-1)
= 0.10712
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4.5.4

79.8723.18-001

Minimum rempexliure of Battery With .
22 Unshorted Cells During Isolation Mode

Current during battery isolation mode
sust be great enough that temperature
of a 22 cell battery will not cool

- bealow a temperature of 42°F during

solstice. The most demanding period
for this requirement is summer solstice
at beginning of missicn.

Heat rejection capability during summer
solstice is graphed in Figure 4-10 for
beginning and end-of-mission (Reference
6). Extrapolation from this data
yields minimum battery dissipation which
:gll maintain temperature to at least

°F of

0.2 wvatts for Battery 1,
1.3 watts for Battery 2, and
0.2 watts for Battery 3

For the general case, 1.3 watts dissipa-
tion in each battery will maintain its
temperature at or greater than 42°r.

The cell current and voltage which will
cause a battery to dissipate 1.3 watts

at 42°F are 0.042A and 1.407 V (AV 11
= 0.000 V/cell at worst case). The®®
corresponding battery voltage is 30.957.
The corresponding constraint on limiting
resistance is

Rer < "nus - 30.997

0.04200
Minimum Current During Battery Isolation

(‘.5-2)

It is desired to maintain battery current
at no less than C/200 (0.08lA), according
to Section 2.9. At the minimum tempera-
ture of 42°F (constrained expression
4.5-2), cell and battery voltage are
1.420 and 31.237V. The constraint on
iﬁnitinq resistance to satisfy this goal
s

V... = 31.237
Rep £ BUS_____~ (4.5=3A)

0.082
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4.5.5

4.5.6

79.8723.18-001

For the upper temperature of SS°F (if
the maximum temperature requirement

of Sections 2.7 and 4.1.1 could be met),
the constraint on limiting resistance
would be

- 30.830
Ry < Vaus (4.5-3B)

0.081

Bus'vOltage Limit

The bus voltage limit has been selected
to be 33.8 * 0.2V (Section 4.1.6). The
corresponding constraints for battery
isolation mode are

VBUS < 3.0 (4.5-4A)
and v
A/ 2 33.6 (4.5-4B)
BUS * :

Combined Requirements for Battery
Isolation Mode

~ The combined constraints of expressions

‘05-1 ahd -2' ‘03-3A) ‘nd ‘-5-45 and
-4B are graphed on Figure 4-1l. The
acceptable region for each constraint
is the unshaded side of the constraint
line.

Examination of Figure 4-11 reveals
incompatibility between the constraints:
this means that the design requirements
of Section 2.7 through 2.10 are them-
selves incompatible. The minimum-current
constraint for 42°F (4.5-3A) would
allow operation only in the upper left
hand region of the graphed space,
whereas the maximum temperature
constraint for a 21 cell battery (4.5-1)
would restrict the operating region to
the right-hand side ©of the graphed
space. Even if the minimum current
constraint were relaxed from 42°F to
the maximum desizred temperature of SS5°F
for a 22 cell battery (expression
4.5-3B), the incompatibility between
Tequirements would continue to exist.
It should be remembered that the
saximum temperature requirement for a

A8-39
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22 cell battery cannot be achieved
with any limiting resistance (Section
4.5.1).

Back To The Drawing Board For Battery
Isolation

The consequences of using two represen-
tative point designs are examined rela-
tive to the regquirements of Sections
2.7 through 2.10. Specifically, values
of 55 ohms and infinity (open-circuit)
are examined.

4.5.7.1 Fifty-Five Ohm Battery
Isolation Resistance

- Battery dissipation is calcu-
lated as a function of battery
temperature for current limit-
ing resistance of 55 ohms,
using the worst case bus
voltage band of 33.8 % 0.2
volts and the worst-case
bands for cell voltage
uncertainty of -0.015 to
0.000 V/Cell at BOM and 0.000
to +0.015 V/Cell at EOM.

Plots of battery dissipation
characteristics are overlaid
on battery heat rejection
characteristics to determine
simultaneous solutions to the
combinations of curves. These
graphical solutions are given
n Figures 4-12 through 4-14
for batteries with 21 unshort-
ed cells during equinox,
winter, and summer seasons
and in Figures 4-15 through
4-17 for batteries with 22
unshorted cells during the
same seasons.

The bands of operating temp-
eratures are summarized in
Table 4-1 for the aggregate
of three batteries with
combinations of worst-case
cell voltage uncertainty,
together with the associated
" overcharge current ranges.
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4.5.7.2 Open-Circuited Battery

Operating temperatures for
batteries which are open-
circuited in the charging
direction are determined
from the intersection of
their heat rejection charac-
teristics with the tempera-
ture axis (zero power). These
temperatures are summarized
in Table ¢-2.

Evaluation of Alternate Battery
Isolation Mode Approaches

Placement of batteries into isolation
will not be a common occurrence during
the spacecraft mission. Instead, it
will be used only for the mode to

which a battery switches following
termination of recondition discharge

or for abnormal, unanticipated events
for which normal automode or manual
low-rate trickle charging do not appear
appropriate (including automatic
switching to isolation mode in case of
battery overtemperature). In the first
case, isolation mode is of short dura-
tion to allow battery open-circuit
voltage to reach a value high enough that
automode charging can be used without
excessive dissipation in the limiting
resistors. In the second case, isola-
tion mode can be used for short durations
to give time for decision making regard-
ing unanticipated events, or for longer
durations to store a battery which has
suffered worse degradation than what
the power subsystem has been designed
for. e

Concern has been displayed by various
parties and agencies about long-term
storage of batteries ian open-circuit,
because of possible degradation within
open~circuited cells. The point that

is to be made here is that the only time
vhich long-tera storage of a battery would
be used is when the battery has deteriorated
so much that it is essentially abandoned
for any further use. long-term storage
ia open circuit is thus of no concern

for the DSCS8-1I spacecraft application.
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Open circuit for isolation of a
: battery from the bus (in the charging
{ direction only) thus becomes attractive.
The stated regquirement for minimum over-
charge current of C/200 is abandoned
because of lack of need or value.

Open-circuit mode allows a battery to
operate as cool as is possible, because
no dissipation from overcharging will
occur. Thus the maximum temperature
requirements of Sections 2.7 and 2.8
are met with the greatest margin (or,
in the case of a 22 cell battery in
winter solstice at end-of-mission, with
the least negative margin).

d Use of a S5 ohm resistance for battery
isolation offers very little benefit
relative to open-circuit. The 22-cell
battery overcharge current is still
not very close to the stated goal of
C/200.° The margin from the desired
maximum battery temperature is not as
groat and the capability for disconnect-
ng & really degraded battery from the
bus does not exist (an extremely unlikely
occurrence if the design is presumed to
be correct, but remember Murphy and his
laws) .

The open-circuit mode is thus preferable
to the o0ld high-resistance minitrickle
mode for isolation of a battery for
either short or long duration.

4.6 EMC Considerations

Bus impedance is required to be less than 1 ohm
for dc to 100 kHz when the bus is being supplied
by the batteries. The circuit path for this
operational mode is the same as for initial and
replenishment satellites when all batteries are
in low-rate trickle charge configuration (X1

and "KS" contacts open, current path through the
PCU diodes).

The flight 13-16 circuit uses the same circuit
path; since this represents no devarture from
earlier satellite series, and since the flight ;
13=16 batteries will offer lower source impedance !
than the flight 7-12 batteries (because of ?
1foatn: plate surface area), this operating mode

8 not reanalysed in this study.
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Bus impedance is required to be less than 1 ohm
from dc to 100 kHz when the bus is being supplied
by the solar array in the bus limiting mode and
shunt current is greater than 1.2 amperes. Bus~.
impedance in this mode is controlled primarily
by the shunt regulator and PCU bus filter.

The battery circuit itself provides shunting
impedance across the bus of 0.890 or less

when all X1 contacts are closed and the "K5"
contacts are open and 6.6700 or less when all

K1l and XS contacts are open.

This is in parallel with the shunts limiter and
array circuit that feeds the bus. The combined
bus impedance under a similar mode, charging
two batteries in trickle charge through 7 ohm
resistances, was analyzed, tested, and demon-
strated to meet the specification of less than
1.0 ohm from dc to 100 kHz (Reference 7).

CONTINGENCY MODE OPERATION

Various contingencies must be analyzed to satisfy
questions regarding operation under various abnormal
conditions. These include such events as excessive
load demand (because of potential failure of power
using equipment) and loss of one or more batteries
fzom useful operation. This contingency analysis is
beyond the scope of this report, and is planned for
presentation in a separate report.

CONCLUSIONS

The selected component values for the battery control
network are given in Figure 6-1. This network will
serve to provide a more benign setting for battery
operation than the previous designs, and will offer
flexibility in choice of operating mode to accommodate
many prospective situations in order to gain the most
useful life from the DSCS-II batteries.
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